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Abstract. Magma-poor rifted margins, and their correspond-
ing potential zones of exhumed serpentinized mantle, rep-
resent a unique class of tectonic boundaries with enormous
promise for advancing the energy transition, such as with hy-
drogen production and carbon sequestration and in the search
for critical minerals. In this study, a synthesis of the results
from seismic refraction and wide-angle reflection (RWAR)
profiling and resulting velocity models across the continent–
ocean transitions of the southern North Atlantic Ocean is
presented. The models are assessed and compared to un-
derstand characteristic basement types and upper mantle be-
haviour across the region and between conjugate margin
pairs and to calibrate how their continent–ocean transition
zones (COTZs) are defined. Ultimately, this work highlights
the variable nature of continent–ocean transition zones, even
within the magma-poor rifted margin end-member case, and
points to avenues for future research to fill the knowledge
gaps that will accelerate the energy transition.

1 Introduction

The transition from continental to oceanic crust at rifted mar-
gins is far more complex than originally conceived during
the early development of the theory of plate tectonics (Man-
atschal et al., 2010; Franke, 2013; Eagles et al., 2015; Péron-
Pinvidic et al., 2019). What was once envisioned to sim-
ply comprise an abrupt abutting of continental crust against
oceanic crust has been revealed to more often consist of vari-
able amounts of magmatic contributions at magma-rich mar-
gins (Eldholm et al., 1989; White, 1992) and mantle serpen-
tinization and exhumation at magma-poor margins (Boillot
et al., 1980; Whitmarsh et al., 2001; Lavier and Manatschal,

2006; Reston, 2009; Gillard et al., 2019), with the latter host-
ing promising targets for the energy transition, such as hydro-
gen production (Albers et al., 2021; Liu et al., 2023; Pérez-
Gussinyé et al., 2023), carbon sequestration (Goldberg et al.,
2010; Schwarzenbach et al., 2013; Coltat et al., 2021), and
critical mineral exploration (Hannington et al., 2017; Patten
et al., 2022).

A key component of the theory of plate tectonics was
founded on the concept of the Wilson cycle (Wilson, 1966),
which involves the repeated opening and closing of succes-
sive ocean basins over geological time. This concept orig-
inated based on evidence collected around the modern At-
lantic Ocean (Argand, 1922; Wilson, 1966; Williams, 1984),
and the southern North Atlantic Ocean in particular, which
revealed that the Paleozoic Iapetus Ocean existed before the
Atlantic, with rifting having been seeded within the defor-
mation zones from earlier Rodinian rifting and breakup, as
well as subsequent Appalachian–Caledonian and Variscan
orogenic episodes (Thomas, 2005).

In the southern North Atlantic Ocean, seismic refraction
and wide-angle reflection (RWAR) surveying has allowed the
construction of lithospheric-scale velocity structural mod-
els encompassing continent–ocean transition zones (COTZs)
that enhance and expand our understanding of the Wilson
cycle and the broader theory of plate tectonics (Fig. 1). How-
ever, unlike for the northern reaches of the North Atlantic
Ocean (Funck et al., 2017), no detailed synthesis of the
southern North Atlantic Ocean, with velocity models plotted
at comparable scales and with comparable colour palettes,
has yet been produced, despite a few regional profiles ap-
pearing in a pan-Atlantic synthesis (Biari et al., 2021). In
this contribution, I present a review of seismic refraction and
wide-angle reflection velocity models across the continent–
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ocean transition zones of magma-poor margins of the south-
ern North Atlantic Ocean, with a view to assessing basement
and upper mantle type variations, to tracking regional trends,
and to reconciling continent–ocean transition zone defini-
tions to a regional standard.

2 Geological background

The opening of the modern Atlantic Ocean resulted from the
breakup and dispersal of the supercontinent Pangaea (Schet-
tino and Turco, 2009; Buiter and Torsvik, 2014; Frizon de
Lamotte et al., 2015; Whalen et al., 2015; Müller et al.,
2016; Peace et al., 2020), which itself formed through mul-
tiple orogenies from the end of the Neoproterozoic to the
Triassic (Cawood and Buchan, 2007; Stampfli et al., 2013;
Chenin et al., 2015), with closure of the Palaeozoic Iapetus
Ocean during the Appalachian–Caledonian orogen (Haworth
and Keen, 1979; Williams, 1984, 1995). This zone of oroge-
nesis ultimately corresponded to the eventual locus of Meso-
zoic rifting of the southern North Atlantic. Palaeozoic clo-
sure of the adjacent Rheic Ocean due to collision of northern
Africa with southern Europe resulted in the Variscan orogen,
which mostly affected the European margins south of Ire-
land (Nance et al., 2010; Kroner and Romer, 2013; Chenin
et al., 2015).

For the northernmost portion of the central Atlantic
(Fig. 1), which lies south of the Newfoundland–Azores Frac-
ture Zone (NAFZ), NW–SE-oriented rifting began in the
Late Triassic (∼ 230 Ma; Schettino and Turco, 2009), and
breakup between Nova Scotia and Morocco occurred as early
as ∼ 190 Ma (Labails et al., 2010). Northward rift migra-
tion into the southern North Atlantic Ocean between New-
foundland and Iberia, with a reoriented W–E extension di-
rection, occurred from the Late Jurassic to Early Cretaceous,
achieving breakup at ∼ 115 Ma (Eddy et al., 2017). A fi-
nal reorientation of the rifting to SW–NE in the Late Creta-
ceous (de Graciansky and Poag, 1985; Tucholke et al., 1989;
Hopper et al., 2006; Tucholke et al., 2007) saw the migra-
tion of rifting to between Newfoundland and Ireland and then
eventually the Labrador Sea between Labrador and Green-
land from 130 Ma (Roest and Srivastava, 1989), with breakup
and seafloor spreading inferred to coincide with the creation
of magnetic chron 27 (∼ 62 Ma; Gradstein et al., 2012) in the
Labrador Sea (Fig. 1; Chalmers and Laursen, 1995).

3 Characterization of rifted margins

Rifted margins are commonly described in terms of rift
domains, which typically progress oceanward from the
landward-most proximal domain to the necking domain, to
the distal domain, to the enigmatic outer domain, and ulti-
mately to the oceanic domain (Péron-Pinvidic et al., 2013).
These domains correspond to specific evolutionary stages in
the rift-to-drift transition, and mapping their distributions al-

lows direct comparison of margin structures both along strike
of rifted margins and across conjugate margin pairs. When
considering the rifted margin end-members of magma-poor
versus magma-rich margins, the main differences are typi-
cally manifested in the distal domain. Magma-poor margins
in particular commonly have distal domains comprising hy-
perextended continental crust and potentially wide tracts of
exhumed serpentinized mantle (Whitmarsh et al., 2001; Re-
ston, 2009), displaying variable amounts of magmatic prod-
ucts (Bronner et al., 2011; Epin et al., 2019), while magma-
rich margins have distal domains dominated by magmatic
products like seaward-dipping reflectors and intrusives in
the lower crust (Eldholm et al., 2000; Planke et al., 2000).
Continent–ocean transition zones (COTZs) typically corre-
spond to these distal domains and can also include embry-
onic oceanic crust, accreted prior to the initiation of clas-
sic seafloor spreading (Minshull, 2009; Reston, 2009; Péron-
Pinvidic et al., 2013; Sauter et al., 2018).

Magma-poor margins are the dominant margin type in
the southern North Atlantic, from Nova Scotia to Labrador
on the eastern Canadian margin and from Morocco to the
Irish Atlantic margin on the European side. These particular
margins resulted from the propagation of rifting through an-
cient Appalachian–Caledonian orogenic terranes, with inher-
itance likely driving the development of continental ribbons
(e.g. Flemish Cap, Porcupine Bank, Rockall Bank; Péron-
Pinvidic and Manatschal, 2010) and possibly setting up the
necessary conditions for exhumation of serpentinized man-
tle within their distal domains. The development of COTZs
for these margins, encompassing the final stages of rifting
and the initiation of seafloor spreading, remains an area of
active research, hampered by sparser data availability com-
pared to more proximal domains and challenged by the non-
uniqueness inherent to geophysical methods in the absence
of drilling. In this study, I focus on identifying the transi-
tions from extended continental crust (encompassing proxi-
mal, necking, and portions of the distal domains) to exhumed
serpentinized mantle (a component of the distal domain),
where present, to oceanic crust, whether anomalously thin,
anomalously thick, or of normal thickness (5–8.5 km; White
et al., 1992). I also aim to define the lateral extents of these
COTZs using a consistent classification rubric for the south-
ern North Atlantic Ocean.

4 Synthesis methodology

Velocity models from 20 seismic refraction and wide-angle
reflection (RWAR) surveys are included in this synthesis (see
Fig. 1 and Table 1 for the profiles included in this study),
from which crustal and upper mantle variations have been re-
vealed and continent–ocean transition zones have previously
been interpreted. The velocity models from the profiles high-
lighted in Fig. 1 are reproduced and compared in Figs. 2 to
6.
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Figure 1. Topographic and bathymetric map from ETOPO1 (Amante and Eakins, 2009) of the study area of the southern North Atlantic
Ocean subdivided by inferred basement affinity of continental crust, adapted from Jolivet et al. (2021), Tyrrell et al. (2007), Waldron et al.
(2022), and Ziegler and Dèzes (2006). The numbered solid red lines correspond to the seismic refraction and wide-angle reflection (RWAR)
profiles for which velocity models are reproduced in this work. The corresponding survey names and citations are provided in Table 1. Select
fracture zones are delimited by dashed black lines. Select magnetic chron anomalies from Seton et al. (2014) are plotted as coloured circles
(M25r, M21r, M16r, M4n, M0, C34, and C27). The positive portions of the J-magnetic anomaly from Nirrengarten et al. (2017) are plotted
as black polygons. Abbreviations: AM, Armorican Margin; BB, Bay of Biscay; CGFZ, Charlie-Gibbs Fracture Zone; FC, Flemish Cap; GB,
Grand Banks; GIB, Galicia Interior Basin; GRN, Greenland; GS, Goban Spur; HA, High Atlas; IB, Iberia; IRE, Ireland; LS, Labrador Sea;
MAR, Mid-Atlantic Ridge; MOR, Morocco; NAFZ, Newfoundland–Azores Fracture Zone; NL, Newfoundland and Labrador; NS, Nova
Scotia; OB, Orphan Basin; PB, Porcupine Basin; PBk, Porcupine Bank; RB, Rockall Basin; RBk, Rockall Bank; UK, United Kingdom.

4.1 Geophysical methods

For studying continent–ocean transition zones, seismic
RWAR techniques arguably represent the best geophysical
method for determining their crustal and upper mantle ve-
locity structures and delineating fundamental lithospheric
boundaries such as the Mohorivičić discontinuity (Moho),
which separates the lower crust from the upper mantle. In the
marine environment, these surveys involve the deployment of
ocean-bottom seismometers (OBSs) that record arrivals from
airgun sources deployed at the sea surface.

Data from RWAR surveys consist of seismic waveforms
recorded as a function of time, from which travel times
for both refracted and reflected seismic phases between the
sources and the OBSs can be identified and picked. The
waveforms themselves contain information about the veloc-
ity variations both within layers and across subsurface in-

terfaces. Traditionally, forward modelling using ray trac-
ing, with localized inversion, has been used to derive ve-
locity models from OBS travel-time data (Červený et al.,
1977; McMechan and Mooney, 1980; Červený and Pšenčík,
1981, 1984; Zelt and Smith, 1992), such as for the majority
of the RWAR profiles included in this study (indicated by the
FMRT label in the fourth column of Table 1). More recently,
tomographic inversion methods have begun to replace and
complement the forward-modelling approaches (Van Aven-
donk et al., 1998; Zelt and Barton, 1998; Korenaga et al.,
2000, 2001; Van Avendonk et al., 2004; Meléndez et al.,
2015; Begović, 2020). These are less time-consuming to de-
velop and arguably less biased, since the travel times are fit-
ted using model norms rather than subjective visual inspec-
tion. The simplest form of tomographic inversion, known as
travel-time inversion (TTI), involves reproducing the picked
seismic-phase travel times (both refracted and possibly re-
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Table 1. Labelled refraction lines in Fig. 1, the source of the velocity models presented herein, and the type of modelling used to create the
model (FMRT, forward-model ray tracing; TTI, tomographic travel-time inversion; FWI, full waveform inversion). The final two columns
capture additional data types used to help constrain the OBS data modelling and the independent datasets used to confirm/validate the
interpreted velocity model, respectively. Abbreviations in these two last columns: DSD, deep sea drilling; G, gravity data; M, magnetic data;
MCS, multi-channel seismic reflection data; SCS, single-channel seismic reflection data; SMI, seismic mirror imaging (Grion et al., 2007).

No. Survey line name Citation Source Mod. type Orig. mod. const. Interp. support

1 90R1 Chian et al. (1995) Digitized FMRT MCS G, M
2 88R2 Chian and Louden (1994) Digitized FMRT SCS G, M
3 RAPIDS 1 Funck et al. (2017) Digitized FMRT – G
4 SIGNAL 1 Welford et al. (2020) Original file FMRT MCS G
5 P03 Prada et al. (2017) Original file TTI – G, MCS
6 FLAME 1 Gerlings et al. (2011) Digitized FMRT MCS G
7 – Bullock and Minshull (2005) Digitized FMRT DSD, MCS G, M
8 Norgasis 14 Thinon et al. (2003) Digitized FMRT MCS G
9 SCREECH 1 Funck et al. (2003) Original file FMRT MCS G
10 Réframarge Line 6 Druet et al. (2018) Digitized FMRT MCS G, M, MCS
11 Line 17 Pérez-Gussinyé et al. (2003) Digitized FMRT MCS MCS
12 FRAME-p3 Grevemeyer et al. (2022) Original file TTI SMI G
13 SCREECH 3 Lau et al. (2006a) Digitized FMRT MCS G, MCS
14 FRAME-2 Merino et al. (2021) Original file TTI MCS G, MCS
15a OETR-2009 Lau et al. (2018) Original file FMRT MCS G, MCS
15b OETR-2009 Jian et al. (2021) Digitized FWI – MCS
16 SISMAR 4 Contrucci et al. (2004) Digitized FMRT MCS G, MCS
17 SMART 1 Funck et al. (2004) Digitized FMRT MCS G, MCS
18 MIRROR 1 Biari et al. (2015) Digitized FMRT MCS G, MCS
19 SMART 2 Wu et al. (2006) Digitized FMRT MCS G, MCS

flected), and the velocity models that were developed using
this technique in the study area are indicated by the TTI label
in the fourth column of Table 1. The most computationally
expensive approach to modelling RWAR data involves full-
waveform inversion (FWI), which attempts to reproduce both
the observed travel times and the seismic waveforms them-
selves (Pratt and Worthington, 1990; Pratt et al., 1996, 1998;
Pratt, 1999; Ravaut et al., 2004; Brenders and Pratt, 2007;
Virieux and Operto, 2009). As FWI requires much more
closely spaced OBSs than those used in conventional RWAR
surveys, there has not yet been widespread use of this tech-
nique offshore (Sears et al., 2008; Kamei et al., 2013; Morgan
et al., 2013; Górszczyk et al., 2021), particularly in the At-
lantic Ocean (Minshull and Singh, 1993; Davy et al., 2017;
Guo et al., 2020; Boddupalli et al., 2021, 2022), and only one
FWI-generated partial profile is considered in this synthesis
(Jian et al. (2021); line 15b in Table 1).

4.2 Model digitization

To allow reproduction and direct comparison of velocity
models from a range of modelling approaches and from di-
verse vintages of published sources, digital versions are re-
quired. Several authors graciously provided their original
models as either RAYINVR input files or velocity grids,
simplifying the incorporation of these models into the syn-
thesis and ensuring accurate representations. Where origi-

nal files are not available, the models are digitized directly
from their published images. This is done by digitizing in-
dividual model boundaries and/or velocity contours and then
manually constructing RAYINVR models from those bound-
aries/contours and through careful inspection of the origi-
nal model images to extract velocity values as a function of
model distance and depth. This process naturally introduces
some uncertainty into the accuracy of the digitized model
representations, but great care is put into ensuring that the
digital models closely resemble their analogue counterparts.
All of the RAYINVR files are converted to velocity grids us-
ing the VMED tool by Barry Zelt (http://www.soest.hawaii.
edu/users/bzelt/vmed/vmed.html, last access: 15 June 2024).
The velocity models shown in Figs. 2 to 6 are plotted using
Generic Mapping Tools (Wessel et al., 2019), the gridded ve-
locity files, identical plot dimensions, and a common colour
palette. Note that I do not have access to original OBS refrac-
tion datasets and/or the picks used to generate the presented
models (other than for SIGNAL 1; Welford et al., 2020), so
no error or uncertainty analyses can be performed. The reader
is referred to the original papers (cited in Table 1) to assess
the support for the individual velocity models.

4.3 Defining Moho

Reflections off of the Mohorivičić discontinuity (Moho) are
observed as the PmP reflected phase in RWAR profiling,
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and these are commonly used to constrain the Moho depths
shown in published velocity models. For the PmP reflections
to be clear during RWAR profiling, the velocity contrast be-
tween the lower crust and the upper mantle must be large
enough to generate a detectable reflection. Typically, the ve-
locity contrast across the Moho corresponds to 6.9 km s−1

for the lower crust and to 8 km s−1 for unaltered mantle,
with mantle velocities decreasing with increasing degrees of
serpentinization. Where mantle has been exhumed and the
crust has been removed, no Moho exists, so PmP reflections
are not expected (although it is possible to observe reflec-
tions off of serpentinization fronts in the exhumed mantle do-
main; Gillard et al., 2019). When forward modelling is used
with discrete model boundaries (FMRT label in the fourth
column of Table 1), it is not uncommon for velocities within
a modelled layer to vary over such a large range as to capture
both crustal velocities and serpentinized mantle velocities,
implying that the Moho boundary should transect a model
layer. This modelling oddity just means that the Moho does
not correspond to a prescribed boundary in those models.
Where this phenomenon is observed in the synthesis, it is
highlighted below. Where the Moho boundary in the veloc-
ity model does correspond with a clear model boundary, it is
plotted with a continuous thickened black line, as is the top
basement boundary where clearly defined.

4.4 Defining continent–ocean transition zones (COTZs)

One of the primary goals of this synthesis is to compare
and contrast the COTZs along the select velocity models.
The COTZs are typically defined in terms of interpreted
variations in basement type along the velocity models (e.g.
continental versus transitional versus oceanic), as it is well
established that, for most margins, an abrupt continent–
ocean boundary is not observed (Eagles et al., 2015). Tran-
sitional crust can refer to hyperextended continental crust,
exhumed mantle, embryonic oceanic crust, and any combi-
nation thereof, making the demarcation of the limits of tran-
sition zones challenging. To facilitate the defining of COTZs
along passive margins, Heine et al. (2013) introduced the
concept of the LaLOC, the landward limit of oceanic crust.
The LaLOC marks the landward boundary between clas-
sic Penrose-type oceanic crust (Penrose Conference Partic-
ipants, 1972), where normal oceanic spreading is inferred to
have begun, and transition zones comprising either thinned
continental crust or exhumed mantle. Sauter et al. (2023)
simplify the LaLOC definition as corresponding to the land-
ward point beyond which the top basement and Moho cease
to be parallel. This latter definition does not preclude the in-
clusion of embryonic oceanic crust, provided it is of constant
thickness. Meanwhile, another boundary often used to define
COTZs is the edge of continental crust (ECC; Nirrengarten
et al., 2018). Herein, the approximate locations of the ECC
and the LaLOC are indicated for each of the velocity models

under consideration, although they are not used to define the
full extents of the COTZs.

For this synthesis, the domain extents for basement type
are extracted directly from the published interpretations. To
complement the basement-type comparisons herein, the lat-
eral extents of unexhumed serpentinized mantle along each
line, defined by the presence of upper mantle velocities less
than 8 km s−1, are also interpreted and tracked (fourth col-
umn in Table 2). This metric allows assessment of the lat-
eral extent of communication between seawater and the up-
per mantle when the mantle has not been exhumed. To allow
direct COTZ length comparisons across the considered ve-
locity models (fifth column in Table 2), the COTZ herein
is defined as corresponding to the oceanward progression
from (a) hyperextended continental crust underlain by ser-
pentinized mantle (whose landward limit would correspond
to the coupling point as defined by Pérez-Gussinyé et al.,
2003) to (b) exhumed serpentinized mantle (where present
and whose landward limit would be the ECC as defined
by Nirrengarten et al., 2018) and finally to (c) thinner-than-
normal oceanic crust (whose landward limit would corre-
spond to the LaLOC according to the definition from Sauter
et al., 2023) or normal oceanic crust underlain by serpen-
tinized mantle. The oceanward limits for the newly inter-
preted COTZ are marked as corresponding to the first occur-
rence of oceanic crust of normal thickness (5–8.5 km; White
et al. (1992)) underlain by unaltered mantle. Based on this
standardized COTZ definition, the limits of the COTZ do not
necessarily correspond to the ECC and the LaLOC. Where
the newly defined COTZ for each model matches that from
the original RWAR publication, it is mentioned explicitly be-
low. Finally, no COTZs are defined for failed rifts.

5 Geophysical constraints

5.1 Labrador–Greenland margins

The Labrador Sea is bordered by the rifted passive margins
of Labrador in the WSW and Greenland in the ENE, with
the densest concentration of RWAR surveys acquired on the
Labrador margin (van der Linden, 1975; Chian et al., 1995;
Reid, 1996; Funck and Louden, 1998, 1999, 2000; Funck
et al., 2001a, b; Hall et al., 2002; Funck et al., 2008), although
these are focused primarily on the proximal domain. While
the Greenland margin has received less attention, select stud-
ies do exist (Chian and Louden, 1992; Gohl and Smithson,
1993; Chian and Louden, 1994; Funck et al., 2007) to allow
a conjugate margin comparison.

Figure 2 shows the comparison of RWAR-derived veloc-
ity models from either side of the Labrador Sea, resulting
from the work of Chian and Louden (1994) and Chian et al.
(1995) (profiles 1 and 2 in Fig. 1). These models were based
on OBS data, with multi-channel (profile 1; Keen et al., 1994)
and single-channel (profile 2) seismic reflection data used
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Table 2. Labelled refraction lines in Fig. 1, width of exhumed serpentinized mantle zone, width of anomalous oceanic crust zone (thin or
thick), width of sub-crustal serpentinized mantle zone, and width of full COTZs (as delimited in Figs. 2 to 6). The “??” in lines 4 and 15b
signifies uncertainty in the interpreted domain extents.

Label no. Exhumed mantle Anomalous oceanic crust Sub-crustal serpentinized mantle Interpreted COTZ

1 80 km – 110 km (within COTZ) 115 km
2 70 km – 100 km (within COTZ) 100 km
3 – – 260 km (failed rift) –
4 50 km ?? 50 km ?? (thin) 210 km (failed rift) and 100 km (within COTZ) 100 km
5 – – 100 km (failed rift) –
6 20 km – 80 km (within COTZ) 80 km
7 up to 120 km – Up to 120 km (within COTZ) 120 km
8 80 km – 135 km (within COTZ) 135 km
9 – 60 km (thin) 80 km (within COTZ) 80 km
10 10 km 20 km (thin) 55 km (within COTZ) 55 km
11 – – 70 km (failed rift) –
12 160 km – 160 km (within COTZ) 160 km
13 95 km – 190 km (within COTZ) 190 km
14 60 km 80 km (thin) and 60 km (thick) 230 km (within COTZ) 260 km
15a – 200 km (thin) 85 km (within COTZ) 235 km
15b < 30 km ?? 145 km (thin, within COTZ) 60 km (within COTZ) 225 km
16 – – – 30 km
17 70 km 130 km (thin) 150 km (within COTZ) 280 km
18 – – – 40 km
19 – – 200 km (within COTZ) 200 km

to constrain the shallow sedimentary layer geometries and
uppermost crust in the models. Both gravity and magnetic
modelling were performed to confirm the correspondence be-
tween the derived velocity models and independent geophys-
ical datasets (Chian et al., 1995; Chian and Louden, 1994).
For inclusion of these profiles in the synthesis, the interpreted
basement types are adopted directly from the original works,
and the upper mantle types are newly estimated from the
original velocity model plots.

Landward, these models demonstrate a fundamental asym-
metry, with a wider zone of thinned continental crust for
the Labrador margin relative to the Greenland margin. Mov-
ing oceanward, greater symmetry is observed. On both mar-
gins, extensive sub-crustal 100 km wide zones of serpen-
tinized mantle are modelled, with 80 and 70 km of those
zones exhumed on the Labrador and Greenland margins, re-
spectively. The seaward extents of both models show nor-
mal two-layered oceanic crust with a uniform boxy geometry
abutting these zones of exhumation, which is consistent with
their correspondence with magnetic chron 27 (Fig. 2a), inter-
preted as undisputed oceanic crust by Chalmers and Laursen
(1995). While linear magnetic anomalies have been identi-
fied landward of chron 27 (not shown; Seton et al., 2014),
these are inferred to correspond to magnetite generated dur-
ing the serpentinization process (Nazarova, 1994; Oufi et al.,
2002; Sibuet et al., 2007b).

Note that for profile 1, the model boundary labelled as
Moho in the original work (Chian et al., 1995) extends be-
low the zone of serpentinized mantle when it should rather

follow the top of the serpentinized mantle, merging with the
top basement where exhumed mantle is interpreted (light-
green basement type). For profile 2, an oblique model bound-
ary does separate the oceanic layer 3 block from the zone of
interpreted serpentinized mantle, while an additional model
boundary delimits its bottom. For clarity, the model bound-
aries most consistent with a Moho definition have been plot-
ted with thickened black lines.

The COTZs for the two Labrador Sea margins were orig-
inally defined by Chian et al. (1995) as only corresponding
to the exhumed serpentinized mantle domains. In this syn-
thesis, the COTZs are extended landward to also encompass
the hyperthinned continental crust underlain by serpentinized
mantle. This definition results in COTZs with lateral extents
of 115 and 100 km for profiles 1 and 2, respectively (Table 2).
Note that along-strike variations in COTZ characteristics are
expected in the Labrador Sea due to rheological inheritance
from prior orogenesis, as modelled numerically by Gouiza
and Naliboff (2021).

5.2 Orphan Basin–northern Irish Atlantic margins

The NE margin of Newfoundland, corresponding to the Or-
phan Basin, and the conjugate northern Irish Atlantic margin
once lay within the thickened terranes of the Appalachian–
Caledonian orogen, with the resulting inherited structures
strongly influencing subsequent rifting and the formation
of multiple continental ribbons (e.g. Flemish Cap, Rockall
Bank, Porcupine Bank; Fig. 1). While RWAR profiling has
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Figure 2. (a) Topography and bathymetry map with location of velocity models in panel (b) highlighted in red and all other considered
velocity model locations in this study shown in pink. (b) Profiles 1 and 2 reproduce velocity models from Chian et al. (1995) and Chian
and Louden (1994), respectively. In panel (a), the dashed black lines are select fracture zones, and magnetic chron anomaly C27 picks
from Seton et al. (2014) are plotted as coloured circles. In panel (b), model boundaries are shown as solid black lines, and velocity contours
(with a contour interval of 0.2 km s−1) are shown as solid white lines within the crust. Interpreted basement types and upper mantle types are
plotted above each velocity model with colours explained in the legend. Abbreviations: COTZ, continent–ocean transition zone; ECC, edge
of continental crust; LaLOC, landward limit of oceanic crust.

been undertaken in the Orphan Basin (Keen and Barrett,
1981; Chian et al., 2001; Lau et al., 2015; Welford et al.,
2020), only the studies by Chian et al. (2001) and Welford
et al. (2020) allowed characterization of a portion of the
COTZ (profile 4 in Fig. 1). Meanwhile, on the conjugate
northern Irish Atlantic margin, there is a lack of modern
RWAR studies across the continent–ocean transition, with
older surveys with sparse OBSs revealing simplistic abrupt
continent–ocean boundaries (COBs; Makris et al., 1988;
Hauser et al., 1995). As such, only inboard surveys crossing
the Rockall Basin, the Porcupine Basin, and their respective
flanking banks are included in this study in order to capture
the velocity structures where rifting failed to achieve breakup
and seafloor spreading (profiles 3 and 5 in Fig. 1).

Figure 3 shows the comparison between the velocity
model from Welford et al. (2020) across the Orphan Basin
(profile 4) and velocity models that lie inboard of the COTZ

on the northern Irish Atlantic margin (Funck et al., 2017;
Prada et al., 2017), namely profiles 3 and 5. On the NE
Newfoundland margin, profile 4 was modelled using OBS
data collected during the SIGNAL 2009 cruise (Funck et al.,
2010) and also the original OBS data used in Chian et al.
(2001). In the resulting velocity model from Welford et al.
(2020), the shallow sedimentary layer geometries were con-
strained using a coincident multi-channel seismic (MCS) re-
flection profile. Gravity modelling was performed to validate
the plausibility of the velocity model.

Profile 3 was acquired as part of the RAPIDS1 experiment
and was originally published in Makris et al. (1991) based
on modelling of OBS data alone. The southeasternmost part
of the profile was reanalyzed by O’Reilly et al. (1995) and
O’Reilly et al. (1996), taking into account constraints from
an intersecting velocity model (Hauser et al., 1995). The ve-
locity model for profile 3 presented herein was digitized and
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Figure 3. (a) Topography and bathymetry map with location of velocity models in panel (b) highlighted in red and all other considered
velocity model locations in this study shown in pink. (b) Profiles 3, 4, and 5 reproduce velocity models from Funck et al. (2017), Welford
et al. (2020), and Prada et al. (2017), respectively. In panel (a), the dashed black lines are select fracture zones, and magnetic chron anomaly
C34 picks from Seton et al. (2014) are plotted as white circles. In panel (b), model boundaries are shown as solid black lines, and velocity
contours (with a contour interval of 0.2 km s−1) are shown as solid white lines within the crust. Interpreted basement types and upper mantle
types are plotted above each velocity model with colours explained in the legend. Abbreviations: COTZ, continent–ocean transition zone;
ECC, edge of continental crust; LC, lower crust; MC, middle crust; UC, upper crust.

modified from the model in the compilation by Funck et al.
(2017), which itself was based on the version of the model
published by Shannon et al. (1999) for which gravity mod-
elling was performed to support the interpreted lithospheric
structures.

Profile 5 is one of three RWAR lines collected across
the Porcupine Basin in 2004. This model was derived using
travel-time inversion (TTI), which is performed using only
the refracted and reflected phases identified on the OBS gath-
ers (Prada et al., 2017). The velocity model was then sup-

ported through comparisons with coincident seismic reflec-
tion data and gravity modelling.

In terms of interpreted basement types, profiles 3, 4, and 5
are dominated either by thinned continental crust across mul-
tiple failed rifts or by thicker continental crust in the form
of continental ribbons. Across all of these failed rifts, low
velocities in the upper mantle are consistent with some de-
gree of serpentinization (Hauser et al., 1995; O’Reilly et al.,
1996; Reston et al., 2004; O’Reilly et al., 2006; Prada et al.,
2017). At the COTZ, outboard of the Orphan Basin, the na-
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ture of the basement cannot be uniquely defined due to non-
unique velocities, but it may correspond to either exhumed
mantle or anomalously thin oceanic crust, consistent with its
location inboard of magnetic chron 34, the locus of undis-
puted oceanic crust in this part of the southern North Atlantic
Ocean (Fig. 3a; Srivastava et al., 1990). The basement types
along the profiles are inherited from the published works,
while the mantle type lateral extents are newly interpreted
herein, based on visual inspection of the original models.
The extent of the COTZ (100 km; Table 2) is directly adopted
from Welford et al. (2020).

5.3 Flemish Cap–southern Irish and Armorican
margins

Southeast of the Orphan Basin on the Newfoundland mar-
gin lies the Flemish Cap, a continental ribbon that is in-
terpreted to have been rotated and translated during Meso-
zoic rifting (Sibuet et al., 2007a), leading to the formation of
the Orphan Basin itself. Ignoring this rotation, early studies
proposed the Goban Spur, on the southern Irish margin, as
the conjugate margin to the Flemish Cap (Keen and Dehler,
1993; Gerlings et al., 2012). More recent work, however, sug-
gests a closer link between the Flemish Cap and the Porcu-
pine Bank (Peace et al., 2019; Sandoval et al., 2019; Yang
and Welford, 2022).

Two RWAR profiles cross the NE margin of the Flem-
ish Cap: the 460 km long FLAME 1 survey (profile 6 in
Figs. 1 and 4; Gerlings et al., 2011) and a shorter coincident
80 km long experiment involving four OBSs (Reid and Keen,
1990), whose results are superseded by the FLAME results.
The FLAME 1 velocity model was constructed using OBS
data, with a coincident seismic reflection profile used to con-
strain the sedimentary layer geometries. Gravity modelling
was performed to confirm that the velocity model is con-
sistent with independent geophysical constraints. In terms
of basement type, the FLAME 1 velocity model is inter-
preted by Gerlings et al. (2011) to comprise basement with
a very narrow 20 km wide zone of exhumed serpentinized
mantle, with a more expansive 80 km wide zone of ser-
pentinized mantle underlying thinned continental crust. An
abrupt transition from exhumed mantle to normal two-layer
boxy oceanic crust in the model is consistent with the inter-
section of the seawardmost portion of the FLAME 1 model
(profile 6) with the magnetic chron 34 anomaly (Fig. 4a), the
locus of undisputed oceanic crust along this portion of the
southern North Atlantic (Srivastava et al., 1990). The COTZ
shown for profile 6 in Fig. 4 is modified from Gerlings et al.
(2011) and disregards the thinned crust underlain by unal-
tered mantle, resulting in a lateral extent of 80 km for the
COTZ (Table 2).

On the southern Irish margin, the Goban Spur and regions
immediately to the south have seen the greatest number of
RWAR experiments (Ginzburg et al., 1985; Whitmarsh et al.,
1986; Horsefield et al., 1994; Bullock and Minshull, 2005),
with the most recent model by Bullock and Minshull (2005)
corresponding to profile 7 in Figs. 1 and 4. The Bullock
and Minshull (2005) model was derived using a combina-
tion of OBS and sonobuoy data (using both P and S wave
arrivals, where available), constraints from a coincident seis-
mic reflection line (WAM; Klemperer and Hobbs, 1991),
velocity constraints from a nearby RWAR profile (Horse-
field et al., 1994), and Deep Sea Drilling Project (DSDP)
results (de Graciansky and Poag, 1985). The velocity model
was ultimately used for gravity and magnetic modelling to
confirm its plausibility. Based on the interpreted basement
types from Bullock and Minshull (2005), the transitional
crust in the model spans 120 km and is subdivided into an
inboard 70 km wide zone of serpentinized mantle peridotites
with subdued relief and an oceanward 50 km wide zone of
possibly exhumed serpentinized basement ridges, similar to
ones identified on the Iberian margin to the south (Boillot
et al., 1980; Beslier et al., 1993; Shipboard Scientific Party,
1998; Dean et al., 2000; Henning et al., 2004). The man-
tle types interpreted herein simply mirror the sections of the
model with serpentinized basement. Note that this veloc-
ity model parameterization is one where the model bound-
ary corresponding to the Moho in the NE continues south-
westward, delimiting the bottom of the serpentinized mantle
zone, while the Moho should actually rise steeply to meet
the basement at the location labelled ECC for edge of con-
tinental crust. For clarity, the portion of the model boundary
that actually corresponds to proper Moho has been plotted
with a thicker black line. Finally, the COTZ is defined ac-
cording to Bullock and Minshull (2005), with a lateral extent
of 120 km (Table 2).

South of the Goban Spur, along the northern margin of
the Bay of Biscay, lies the Armorican margin. The Norgasis
14 RWAR line (profile 8 in Fig. 1) was modelled by Thinon
et al. (2003), using a coincident seismic reflection profile to
help constrain the sedimentary layer geometries in the ve-
locity model. Gravity modelling confirmed the main features
of the velocity model. The basement-type interpretation pro-
vided by Thinon et al. (2003) reveals an 80 km wide zone
of transitional exhumed mantle, bordered oceanward by an
abrupt transition to normal-thickness oceanic crust. A more
extensive unexhumed sub-crustal 135 km wide zone of ser-
pentinized mantle was shown by Thinon et al. (2003) to ex-
tend beneath that normal oceanic crust, although its lateral
extent was not explicitly stated in their work. To maintain
consistency with the COTZ definition adopted herein, the
oceanward limit of the COTZ is placed at the oceanward limit
of the zone of unexhumed serpentinized mantle, resulting in
a lateral extent of 135 km for the COTZ (Table 2).
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Figure 4. (a) Topography and bathymetry map with location of velocity models in panel (b) highlighted in red and all other considered
velocity model locations in this study shown in pink. (b) Profiles 6, 7, and 8 reproduce velocity models from Gerlings et al. (2011), Bullock
and Minshull (2005), and Thinon et al. (2003), respectively. In panel (a), the dashed black lines are select fracture zones, and magnetic chron
anomaly C34 picks from Seton et al. (2014) are plotted as white circles. In panel (b), model boundaries are shown as solid black lines,
and velocity contours (with a contour interval of 0.2 km s−1) are shown as solid white lines within the crust. Interpreted basement types
and upper mantle types are plotted above each velocity model with colours explained in the legend. Abbreviations: COTZ, continent–ocean
transition zone; ECC, edge of continental crust; HVLC, high-velocity lower crust; LaLOC, landward limit of oceanic crust; LC, lower crust;
MC, middle crust; UC, upper crust.

5.4 Southeastern Newfoundland–Iberia margins

The southeastern Newfoundland and northwestern Iberian
margins arguably represent the best-studied conjugate mar-
gin pair in the world (Louden and Chian, 1999; Srivastava
et al., 2000; Manatschal et al., 2007; Péron-Pinvidic et al.,
2007; Sibuet et al., 2007b; Tucholke et al., 2007; Crosby
et al., 2008; Péron-Pinvidic and Manatschal, 2009; Man-
atschal et al., 2010; Soares et al., 2012; Péron-Pinvidic et al.,
2013; Sutra et al., 2013; Mohn et al., 2015; Stanton et al.,
2016; Brune et al., 2017; Eddy et al., 2017; Alves and Cunha,
2018; Causer et al., 2020; Liu et al., 2022). Herein, we focus
on two RWAR surveys on the Newfoundland margin (pro-
files 9 and 13 in Fig. 1) and four profiles on the Iberian side

(profiles 10, 11, 12, and 14 in Fig. 1). Profiles 10 and 11 com-
bined provide almost continuous coverage from east to west
across the Galicia Interior Basin, the outboard Galicia Bank
continental ribbon, and the COTZ beyond (Fig. 5).

The two presented SCREECH profiles along the south-
eastern Newfoundland margin (Fig. 5; Funck et al., 2003;
Lau et al., 2006a) were constructed based on refracted and
reflected phases identified on OBS gathers, with coincident
seismic reflection data used to constrain the shallow sedi-
mentary layer geometries and basement morphologies (Hop-
per et al., 2004; Lau et al., 2006b). Gravity modelling was
also performed by Funck et al. (2003) and Lau et al. (2006a)
for both velocity models in order to assess their correspon-
dence with independent geophysical data.
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Figure 5. (a) Topography and bathymetry map with location of velocity models in panel (b) highlighted in red and all other considered
velocity model locations in this study shown in pink. (b) Profiles 9–14 reproduce velocity models from Funck et al. (2003), Sibuet et al. (1995)
and Druet et al. (2018), Pérez-Gussinyé et al. (2003), Grevemeyer et al. (2022), Lau et al. (2006a), and Merino et al. (2021), respectively.
In panel (a), the dashed black lines are select fracture zones, and magnetic chron anomaly C34 picks from Seton et al. (2014) are plotted as
white circles. In panel (b), model boundaries are shown as solid black lines, and velocity contours (with a contour interval of 0.2 km s−1) are
shown as solid white lines within the crust. Interpreted basement types and upper mantle types are plotted above each velocity model with
colours explained in the legend. The approximate location of the positive part of the J-magnetic anomaly from Nirrengarten et al. (2017)
is shown for profiles 12, 13, and 14. Abbreviations: COTZ, continent–ocean transition zone; ECC, edge of continental crust; GIB, Galicia
Interior Basin; LaLOC, landward limit of oceanic crust; LC, lower crust; MC, middle crust; UC, upper crust.

The SCREECH 1 and SCREECH 3 models (profiles 9
and 13) show abrupt oceanward crustal necking, with out-
board thinned continental crust underlain by serpentinized
mantle. Southeast of the Flemish Cap, the thinned continen-
tal crust only extends for 20 km (profile 9) before being re-
placed by anomalously thin oceanic crust (60 km wide zone),
according to Funck et al. (2003). They also provide a classi-
fication of the upper mantle type with an 80 km wide zone

of unexhumed serpentinized mantle extending landward be-
neath the thinned continental crust (as reproduced in Fig. 5),
which corresponds to the COTZ as defined in this synthe-
sis (Funck et al., 2003, instead defined a discrete continent–
ocean boundary; COB). Conversely, the SCREECH 3 profile
off the Grand Banks shows a 90 km wide zone of thinned
continental crust transitioning into a 95 km wide zone of ex-
humed serpentinized mantle, with an abrupt transition into
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normal oceanic crust overlying unaltered mantle. The 190 km
wide unexhumed serpentinized mantle type highlighted in
Fig. 5 was derived for this synthesis based on a visual in-
spection of the published model and is used to define the
COTZ lateral extent of 190 km herein (Table 2). For pro-
file 13, there is not a continuous model boundary that corre-
sponds uniquely to the Moho, particularly one that delimits
the upper boundary of the interpreted exhumed mantle. As
such, only the unambiguous Moho boundaries in the param-
eterization are plotted with thickened black lines in Fig. 5.

Across the Galicia margin, making up the northwest-
ern Iberian margin, profile 10 (Sibuet et al., 1995; Druet
et al., 2018) comprises the COTZ, while profile 11 (Pérez-
Gussinyé et al., 2003) is focused on the Galicia Bank con-
tinental ribbon and its inboard basin, the Galicia Interior
Basin, which represents a failed rift. Profile 10 was acquired
in 1987 as part of the Réframarge cruise (cruise line 6), us-
ing only three OBSs, along the track of a coincident seis-
mic reflection profile, GP 101, which was ultimately used
to constrain the sedimentary layer geometries and the base-
ment morphology in the derived velocity model (Sibuet et al.,
1995). Modelling of deep-tow magnetic data that were ac-
quired during the RWAR campaign was also performed to
enhance the interpretation of the velocity model (Sibuet et al.,
1995). The version of the model used for digitization and in-
clusion in the synthesis is obtained from Druet et al. (2018),
which was modified from Sibuet et al. (1995).

For profile 10, oceanward abrupt crustal necking of the
Galicia Bank transitions to an exhumed serpentinized ridge,
confirmed through drilling (Shipboard Scientific Party, 1987)
and dredging (Boillot et al., 1980), and then to anomalously
thin oceanic crust (< 5 km thick) over a further distance of
approximately 20 km (Sibuet et al., 1995; Whitmarsh et al.,
1996; Druet et al., 2018). The thin oceanic crust overlies a
zone of serpentinized mantle (Sibuet et al., 1995) that extends
55 km landward to the westward limit of the necking zone,
which is used by Druet et al. (2018) to propose the extent
of the COTZ shown in Fig. 5 and adopted in this synthesis
(Table 2).

Profile 11 from Pérez-Gussinyé et al. (2003) was acquired
in 1997 as part of the Iberia Seismic Experiment (cruise
line 17), along with a coincident seismic reflection profile,
which was used to constrain sedimentary layer geometries
and the top basement in the velocity model. Iterative refine-
ment of the velocity model was achieved through its use in
the pre-stack depth migration of the seismic reflection pro-
file. The basement type for all of profile 11 is interpreted as
continental by Pérez-Gussinyé et al. (2003). For this synthe-
sis, lower velocities in the upper mantle are interpreted as ev-
idence for a mantle type of unexhumed serpentinized mantle
spanning 70 km based on the published velocity model.

Along the mid-Iberian margin, the velocity model for pro-
file 12 (Figs. 1 and 5) was obtained from a joint wide-angle
reflection and refraction tomographic inversion of travel
times from densely spaced OBSs (10 to 12 km spacing) along

the FRAME-p3 line (Grevemeyer et al., 2022). The OBS
data themselves were used for seismic mirror imaging (Grion
et al., 2007) to produce a seismic reflection section from
which the sedimentary layer geometries and the top base-
ment morphology could be determined (Grevemeyer et al.,
2022). Gravity modelling was subsequently performed to
validate the features in the velocity model. The model reveals
basement types with an even split between exhumed serpen-
tinized mantle landward and normal oceanic crust ocean-
ward. These two segments are split by the J anomaly, a
prominent magnetic anomaly from the southern North At-
lantic Ocean that is the subject of much controversy as to its
significance (or not) as a seafloor spreading isochron (Russell
and Whitmarsh, 2003; Srivastava et al., 2000; Bronner et al.,
2011; Nirrengarten et al., 2017; Stanton et al., 2016). Greve-
meyer et al. (2022) conclude that it is not an isochron and so
should not be used to constrain plate reconstructions but that
it does mark the onset of seafloor spreading at this location
along the Iberian margin. The mantle type interpreted for this
synthesis mirrors the basement-type split, as does the COTZ
extent adopted for this synthesis (160 km; Table 2).

The Tagus Abyssal Plain within the southwestern Iberian
margin has been sampled by the least number of RWAR sur-
veys and, until recently, only with widely spaced OBSs (30
to 40 km spacing for Afilhado et al., 2008). A recent velocity
model (profile 14) from Merino et al. (2021), obtained using
an iterative joint reflection and refraction travel-time tomog-
raphy with multi-channel seismic (MCS) constraints from a
coincident 300 km long profile, shows the highest resolution
and highest degree of complexity for a model in this region,
achieved using dense OBS spacing (approximately 14 km).
Gravity modelling was performed to support the interpreta-
tion of the velocity model.

For profile 14 (Fig. 5), the basement types interpreted
by Merino et al. (2021) show thinned continental crust in the
east abutting a 60 km wide zone of exhumed serpentinized
mantle oceanward before a 50 km wide rafted segment of
thinned continental crust, possibly intruded by melts, is en-
countered. Merino et al. (2021) hypothesize that the rafted
continental block was originally part of the Newfoundland
margin and was orphaned on the Iberian margin due to an
abrupt westward jump in the localization of extension. Im-
mediately oceanward of the rafted continental block, a 60 km
wide zone of anomalously thick oceanic crust is revealed,
transitioning to an 80 km wide zone of anomalously thin
oceanic crust and finally to normal oceanic crust. The J-
magnetic anomaly lies within the zone of thickened oceanic
crust and is interpreted to correspond to the onset of seafloor
spreading, as was also interpreted to the north along profile
12 (Grevemeyer et al., 2022). At the eastern end of the pro-
file, the upper mantle type beneath the COTZ is interpreted
as serpentinized mantle based on the low velocities (Merino
et al., 2021). Beneath the rafted continental block, beyond
the zone of exhumed mantle, the upper mantle is argued
by Merino et al. (2021) to be faster and more homogeneous
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than at the eastern end of the profile, consistent with unal-
tered mantle. Oceanward, mantle velocities decrease grad-
ually from thicker to thinner to normal oceanic crust, al-
though Merino et al. (2021) make no mention of possible
serpentinization, so the unaltered mantle type is extended to
the western limit of the profile in this synthesis. The COTZ,
as defined for this synthesis, extends for 260 km and includes
the orphaned continental block (Table 2).

5.5 Nova Scotia–Morocco margins

The Nova Scotia and Moroccan conjugate margin pair were
the first to experience rifting during the late Triassic and
subsequent breakup during the Jurassic within the study re-
gion (Schettino and Turco, 2009; Sibuet et al., 2012), with
Morocco acting as an independent small plate detached from
mainland Africa (Beauchamp et al., 1996; Piqué et al., 1998;
Labails et al., 2010). Three RWAR surveys on the Nova
Scotia margin (profiles 15, 17, and 19) are presented here,
with the oceanwardmost half of profile 15 covered by both
a forward-modelled ray-traced velocity model (model 15a
in Fig. 6; Lau et al., 2018) and a full-waveform inversion
model (model 15b in Fig. 6; Jian et al., 2021) derived using
the same OBS data. On the Moroccan side, two RWAR sur-
veys (profiles 16 and 18 in Fig. 1) are used for comparison,
corresponding to the SISMAR 4 (Contrucci et al., 2004) and
MIRROR 1 (Biari et al., 2015) surveys.

The OETR-2009 RWAR survey (profiles 15a and 15b in
this synthesis) followed the track of a coincident seismic re-
flection profile, GXT-2000, with OBSs spaced between less
than 3 km (over the COTZ) and more than 10 km apart (Lau
et al., 2018; Jian et al., 2021). For OBS velocity modelling
along profile 15a, boundaries on the seismic reflection pro-
file were used to define sedimentary layer geometries. Grav-
ity modelling was performed following velocity modelling
for validation (Lau et al., 2018). Meanwhile, the model for
profile 15b was obtained using full-waveform inversion (Jian
et al., 2021) on a subset of the OBS data and no other a priori
information. Using the FWI-generated velocity model, pre-
stack depth migration of the coincident MCS data was per-
formed and used to constrain the interpretation (Fig. 6).

The SMART 1 (Funck et al., 2004) and SMART 2 (Wu
et al., 2006) RWAR lines (profiles 17 and 19 in Fig. 1, re-
spectively) were acquired in 2001, and coincident seismic re-
flection data (Keen et al., 1991; Keen and Potter, 1995) were
used to define the shallow model layer geometries. Salt bod-
ies were explicitly placed within the models based on their
identification along the MCS profiles. Gravity modelling was
performed for both velocity models to support the interpreta-
tions.

For all three long Nova Scotian profiles (15a, 17, and 19 in
Fig. 6), gradual continental necking zones are observed, thin-
ning from 30 km to less than 10 km over a lateral distance of
approximately 200 km. The two southern profiles (SMART
1 and SMART 2; profiles 17 and 19 in Fig. 6) reveal thinned

continental crust beyond the necking zone extending 60 to
80 km oceanward over serpentinized mantle. Meanwhile, the
OETR profile (profile 15a in Fig. 6) has a more restricted
extent of thinned continental crust beyond the necking zone,
with most of it overlying unaltered mantle.

In terms of exhumation of serpentinized mantle, profiles
15b and 17 are interpreted by Jian et al. (2021) and by Funck
et al. (2004) as comprising < 30 and 80 km wide zones of ex-
humed serpentinized mantle, respectively, while profile 15a
does not show evidence of mantle exhumation at all. Instead,
profile 15a shows a gradual transition from thinned continen-
tal to embryonic thin oceanic crust across the COTZ (Fig. 6).
Meanwhile, the southernmost SMART 2 line (profile 19 in
Fig. 6) shows thinned continental crust transitioning to nor-
mal oceanic crust.

North of profile 19 (SMART 2 line), which encompasses
normal 5 km thick oceanic crust, anomalously thin oceanic
crust of less than 5 km thickness is modelled for profiles
15a (Lau et al., 2018), 15b (Jian et al., 2021), and 17 (Funck
et al., 2004). These are all attributed to low melt supply dur-
ing the initiation of seafloor spreading. By including anoma-
lously thin oceanic crust in the COTZ definition herein,
the resulting COTZ lateral extents are 235 km (profile 15a),
225 km (profile 15b, adopting the same landward limit as
15a), and 280 km (profile 17). The lateral extent of the COTZ
for profile 19 is only slightly narrower at 200 km, but that
width is based on the observed extent of unexhumed serpen-
tinized mantle in the velocity model from Wu et al. (2006).

Two Moroccan profiles (SISMAR 4 and MIRROR 1, pro-
files 16 and 18 in Fig. 6) are included in this synthesis. Both
profiles involved the combined acquisition of both MCS and
RWAR data, with the former being used to constrain the shal-
low layer geometries for the latter. The velocity model in-
terpretations were supported by gravity modelling. The Mo-
roccan velocity models show similar structures, with slightly
more abrupt continental necking zones compared to the con-
jugate Nova Scotian profiles, with crustal thinning from
30 km to less than 10 km occurring over a lateral distance
of approximately 160 km. Both Moroccan models comprise
very narrow 30 to 40 km wide COTZs with extended conti-
nental crust transitioning to normal ocean crust. There is no
evidence of serpentinized mantle or of exhumed mantle in the
basement along the Moroccan margin based on the RWAR
models generated to date (Biari et al., 2015; Klingelhoefer
et al., 2016).

6 Discussion

The basement types and upper mantle types interpreted in
the velocity models presented in Figs. 2 to 6 are summa-
rized in the maps presented in Fig. 7 and in the diagram in
Fig. 8. The map views allow easier regional interpretations
and correlations, while the diagram allows for side-by-side
and conjugate margin comparisons. The widths of the indi-
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Figure 6. (a) Topography and bathymetry map with location of velocity models in panel (b) highlighted in red and all other considered
velocity model locations in this study shown in pink. (b) Profiles 15a, 15b, and 16–19 reproduce velocity models from Lau et al. (2018), Jian
et al. (2021), Contrucci et al. (2004), Funck et al. (2004), Biari et al. (2015), and Wu et al. (2006), respectively. In panel (a), the dashed black
lines are select fracture zones, and magnetic chron anomalies from Seton et al. (2014) are plotted as coloured circles (M25r, M21r, M16r,
M4n, and M0). In panel (b), model boundaries are shown as solid black lines, and velocity contours are shown as solid white lines within
the crust. Interpreted basement types and upper mantle types are plotted above each velocity model with colours explained in the legend.
Abbreviations: COTZ, continent–ocean transition zone; ECC, edge of continental crust; LaLOC, landward limit of oceanic crust; LC, lower
crust; MC, middle crust; UC, upper crust.

vidual basement and upper mantle components and the inter-
preted COTZ along each profile are also listed in Table 2.

For the interpreted basement types (Figs. 7a, and 8), the
greatest variations are observed with regard to the pres-
ence/absence, and extent if present, of exhumed serpen-
tinized mantle, and with regard to the nature of the oceanic

crust (thin versus thick versus normal). The widths of these
respective zones are listed in the first two columns of Table 2.

On the North American margins (Fig. 8, left side), ex-
humed serpentinized mantle is modelled on all of the profiles
other than profile 9 across the Flemish Cap, profile 15a off-
shore northern Nova Scotia, and profile 19 along the south-
ern Nova Scotian margin. The widths of the exhumed zones
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Figure 7. Topographic and bathymetric maps from ETOPO1 (Amante and Eakins, 2009) of the study area of the central and North Atlantic
Ocean, with panel (a) showing the interpreted basement types summarized in this work and panel (b) showing the interpreted upper mantle
types summarized in this work. The numbered interpretations in both plots correspond to the seismic refraction and wide-angle reflection
(RWAR) profiles described in Table 1. The solid red and black lines intersecting the interpreted polygons correspond to the edge of continental
crust (ECC) and landward limit of oceanic crust (LaLOC) boundaries, respectively, highlighted in Figs. 2 to 6. Select fracture zones are
delimited by dashed black lines. Select magnetic chron anomalies from Seton et al. (2014) are plotted as coloured circles (M25r, M21r,
M16r, M4n, M0, C34, and C27) on both plots. Abbreviations: AM, Armorican Margin; BB, Bay of Biscay; CGFZ, Charlie-Gibbs Fracture
Zone; FC, Flemish Cap; GB, Grand Banks; GIB, Galicia Interior Basin; GRN, Greenland; GS, Goban Spur; IB, Iberia; IRE, Ireland; LS,
Labrador Sea; MAR, Mid-Atlantic Ridge; MOR, Morocco; NAFZ, Newfoundland–Azores Fracture Zone; NL, Newfoundland & Labrador;
NS, Nova Scotia; OB, Orphan Basin; PB, Porcupine Basin; PBk, Porcupine Bank; RB, Rockall Basin; RBk, Rockall Bank; UK, United
Kingdom.

vary from 20 km (profile 6) to 95 km (profile 13). On the
European margins (Fig. 8, right side), south of the northern
Irish margin, which lacks RWAR constraints, exhumed ser-
pentinized mantle is ubiquitous down through Iberia, ranging

in width from 10 km (profile 10) to 160 km (profile 12), with
the narrowest zone outboard of the Galicia Bank continental
ribbon. Offshore Morocco, no exhumed serpentinized man-
tle has been observed on RWAR models published to date,
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Figure 8. Summary diagram capturing the continent–ocean transition zone (COTZ) variations along the North American margins (left side;
purple-tone labels) and the European and Moroccan margins (right side; orange-tone labels). For each side of the diagram, the models are
aligned based on the oceanward limit of their interpreted COTZs. Landward portions of some of the sections have been truncated to conserve
space. Conjugate margin pairs are roughly delimited by the grey horizontal lines. Basement types are plotted above, and upper mantle types
are plotted below for each profile (labelled by the numbered squares). The lateral extents of the COTZs synthesized in this contribution are
plotted as grey polygons behind the simplified model interpretations. Abbreviations: ARM, Armorican Margin; ECC, edge of continental
crust; GRN, Greenland; LaLOC, landward limit of oceanic crust; LAB, Labrador; NE NL, northeastern Newfoundland; SE NL, southeastern
Newfoundland; S IRE, southern Ireland.

revealing a fundamental asymmetry with its Nova Scotian
conjugate margin pair (Fig. 8).

The nature of the oceanic crust outboard of the North
American margins varies between anomalously thin oceanic
crust (profiles 4, 9, 15a, 15b, and 17 in Fig. 7a) and normal
oceanic crust (profiles 1, 6, 13, and 19 in Fig. 7a). The dens-
est concentration of anomalously thin oceanic crust is out-
board of northern Nova Scotia, but elsewhere the variability
seems random, perhaps reflecting variable seafloor spread-

ing processes acting at the local scale or simply modelling
variations (e.g. OBS spacing, modelling methodology). On
the European margins, only two models (profiles 10 and 14)
reveal zones of anomalously thin oceanic crust, with the lat-
ter model also exhibiting a 60 km wide zone of anomalously
thick oceanic crust immediately inboard of the thin oceanic
crust. Merino et al. (2021) interpret this significant lateral
variation as corresponding to the J anomaly.
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For the interpreted upper mantle types (Figs. 7b and 8),
sub-crustal serpentinized mantle appears ubiquitous to all but
the Moroccan profiles investigated in this synthesis, with sig-
nificant variations in terms of the lateral extent of serpen-
tinized mantle within the COTZ of individual models, from
55 km (profile 10) to 230 km (profile 14). In addition, wher-
ever failed rifts have been interpreted in the presented profiles
(Orphan Basin, Rockall Basin, Porcupine Basin, and Galicia
Interior Basin; profiles 3, 4, 5, and 11 in Fig. 7b; see Table
2), serpentinized mantle is always detected, varying in width
from 70 km (profile 11) to 260 km (profile 3). It should be
noted, though, that another RWAR profile across the Orphan
Basin but away from the COTZ (not shown; Lau et al., 2015),
oblique to profile 4, did not show evidence for mantle serpen-
tinization despite revealing failed rifts.

Regardless of whether mantle exhumation is achieved or
not, serpentinization of mantle requires appropriate temper-
atures (Bonatti et al., 1984) and that any remaining crust is
completely embrittled (Pérez-Gussinyé and Reston, 2001),
such that throughgoing crustal faults transport fluids into
the mantle. This process can involve an extended period of
ultra-slow rifting (< 20 mm yr−1; Sauter et al. (2011, 2018);
Grevemeyer et al. (2018)), in which sufficient cooling of the
lithosphere leads to embrittlement and mantle decompres-
sion melting is suppressed. The widespread distribution of
serpentinized mantle throughout the study region (other than
for the Moroccan margin) may be consistent with lengthy
ultra-slow rifting for the early stages of the southern North
Atlantic opening.

6.1 Basement, upper mantle, and COTZ regional
trends: the role of inheritance

Figures 7 and 8 ultimately reveal the challenges associ-
ated with defining continent–ocean transition zones (COTZs)
even within the magma-poor margin end-member category.
Basement types (Figs. 7a and 8) show a range of transition
zone components (e.g. thinned continental crust, exhumed
serpentinized mantle, anomalously thin/thick oceanic crust)
with variable widths, often with conflicting interpretations in
close proximity to each other. Complicating matters further
is the fact that these margins often comprise extensive zones
of sub-crustal and unexhumed serpentinized mantle, which
extend laterally beyond the interpreted ECC and LaLOC that
are defined solely based on basement types (Fig. 7b). Fur-
thermore, unexhumed serpentinized mantle is often found
far inboard of the present-day COTZ due to the presence of
failed rifts (Fig. 7a).

By extrapolating the regional extents of modelled zones of
exhumed serpentinized mantle and the broader serpentinized
mantle zones that underlie thinned continental crust and oc-
casionally oceanic crust according to RWAR surveys, the in-
terplay between inheritance and serpentinization can be in-
vestigated (Fig. 9), subject to the variable RWAR profile cov-
erage. To first order, the resulting map highlights that, while

inferred mantle serpentinization is pervasive on all of the in-
terrogated margins in this synthesis (other than the Moroc-
can margin; Klingelhoefer et al., 2016), exhumation of that
serpentinized mantle only occurs in proximity to the locus
of eventual seafloor spreading. There is also an indication,
albeit biased by the available RWAR coverage, that exhuma-
tion is greatest in proximity to major fracture zones (NAFZ
and CGFZ in Fig. 9), with diminished exhumation towards
the Bay of Biscay extinct triple point, at least for the Flemish
Cap and the northwestern Iberian margin.

In terms of a margin’s propensity for mantle exhumation,
there is no direct spatial correlation between the mapped ex-
humation patterns in this synthesis and particular basement
terranes (Fig. 9). This signifies that while the proximal and
necking rifting processes might vary according to inherited
structures and crustal fabrics, as argued by Manatschal et al.
(2015) and modelled by Jammes and Lavier (2019), hyper-
extension, mantle serpentinization and exhumation, which
occur at the later stages of rifting, seem to be less in-
fluenced by the nature of their continental basement but
rather by weakening through mineral hydration (Manatschal
et al., 2015), by formation of detachment faults (Jammes and
Lavier, 2019), due to insufficient magma supply during con-
tinued extension, or according to fundamental rifting param-
eters such as rift velocity (Huismans and Beaumont, 2007;
Tetreault and Buiter, 2018). According to Brune et al. (2016),
rifting velocities tend to be slow for the first two-thirds of
the rift evolution and then speed up for the last third, with
the fast phase starting approximately 10 Myr before breakup
is achieved. This piece-wise acceleration, which is thought
to result from a feedback loop where strain softening pro-
cesses increase non-linearly over time as deformation con-
tinues, may be sufficient to explain why unexhumed man-
tle serpentinization is so widespread, presumably occurring
during slower rifting even within failed rifts, but that the ex-
humation requires the rift acceleration to breach the embrit-
tled crust entirely and so is only observed immediately prior
to breakup (Huismans and Beaumont, 2007). For this hypoth-
esis to extend to failed rifts like the Porcupine Basin, where
mantle exhumation has been posited (Reston et al., 2001),
breakup would have to have been aborted soon after exhuma-
tion, consistent with Chen et al. (2018) who interpret limited
seafloor spreading in the basin. Such a scenario cannot be
ruled out given the complex 3-D nature of the tectonic forc-
ings involved with oblique rifting of lithosphere (Brune et al.,
2018) with a recent history of orogenesis (Yang et al., 2021;
Péron-Pinvidic et al., 2022).

In this synthesis, an attempt has been made to standard-
ize the definition of the COTZ for the southern North At-
lantic Ocean so that the COTZ lateral extents along each mar-
gin can be quantified and compared using the RWAR veloc-
ity models considered. These interpreted COTZ extents are
listed in Table 2 (fifth column) and are also shown graphi-
cally in Fig. 8 as light-grey envelopes underlying the simpli-
fied model interpretations. That plot generally reveals sym-
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Figure 9. Topographic and bathymetric map from ETOPO1 (Amante and Eakins, 2009) of the study area of the southern North Atlantic
Ocean subdivided by inferred basement affinity of continental crust, adapted from Jolivet et al. (2021), Tyrrell et al. (2007), Waldron
et al. (2022), and Ziegler and Dèzes (2006). Interpreted extents of serpentinized mantle (hashed green polygons) with zones of exhumed
serpentinized mantle (hashed light green polygons), extrapolated from Fig. 7, are overlain (areas marked with white question marks lack
RWAR coverage). Select fracture zones are delimited by dashed black lines. Select magnetic chron anomalies from Seton et al. (2014) are
plotted as coloured circles (M25r, M21r, M16r, M4n, M0, C34, and C27). The positive portions of the J-magnetic anomaly from Nirrengarten
et al. (2017) are plotted as black polygons. Abbreviations: AM, Armorican Margin; BB, Bay of Biscay; CGFZ, Charlie-Gibbs Fracture Zone;
FC, Flemish Cap; GB, Grand Banks; GIB, Galicia Interior Basin; GRN, Greenland; GS, Goban Spur; HA, High Atlas; IB, Iberia; IRE,
Ireland; LS, Labrador Sea; MAR, Mid-Atlantic Ridge; MOR, Morocco; NAFZ, Newfoundland–Azores Fracture Zone; NL, Newfoundland
& Labrador; NS, Nova Scotia; OB, Orphan Basin; PB, Porcupine Basin; PBk, Porcupine Bank; RB, Rockall Basin; RBk, Rockall Bank; UK,
United Kingdom.

metric COTZ widths all the way from the Labrador Sea to
the southern Newfoundland and Iberian margins, with the
Armorican margin (profile 8) perhaps departing from that
symmetry due to more anomalous mantle fertility and litho-
spheric strength than its conjugate and along-strike counter-
parts (Mouthereau et al., 2021). North of the Newfoundland–
Azores Fracture Zone (NAFZ), the symmetry of COTZ ex-
tents occurs regardless of the basement types comprising the
COTZ. However, significant asymmetry in the COTZ arises
abruptly south of the NAFZ where the Nova Scotian mar-
gin COTZ is up to 9 times wider than along the Moroccan
margin (consider profile 17 versus profile 16). This implies a
fundamental contrast in possibly rifting mechanisms, rift ve-
locities, thermal conditions, or inherited mantle rheology and

fertility (Chenin et al., 2015, 2017, 2019; Mouthereau et al.,
2021) across the NAFZ.

The NAFZ is a fascinating fracture zone as it aligns with
the southern boundary of the present-day Grand Banks of
the Newfoundland continental shelf and with the southern
limit of the earlier St. Lawrence Promontory, which formed
during the breakup of Rodinia and the creation of the Iape-
tus Ocean (Williams, 1984; Thomas, 2019). The spatial cor-
relation between the abrupt change in COTZ symmetry at
the NAFZ and the NAFZ possibly representing a long-lived
fundamental lithospheric boundary that endured through two
consecutive Wilson cycles (Thomas, 2019) underlines the
point that lithospheric mantle inheritance can endure for 1
billion years and can supersede shallower crustal influences
during subsequent tectonism (Stockmal et al., 1987; Hibbard
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and Waldron, 2009; Waldron et al., 2015; White and Wal-
dron, 2022). Addressing this persistent lithospheric mem-
ory requires greater consideration of deeper processes during
rifting and a recognition of the limitations associated with the
simple Wilson cycle framework.

6.2 Avenues for future research and potential rewards

Based on the synthesis of available RWAR velocity models
of the southern North Atlantic Ocean, mapped continent–
ocean transition zones (COTZs) show symmetric lateral ex-
tents north of the NAFZ and asymmetric extents further south
while comprising a range of different basement types (e.g.
thinned continental crust, exhumed mantle, anomalously thin
oceanic crust), ubiquitously underlain by serpentinized man-
tle (except for offshore Morocco). While patterns are begin-
ning to emerge, it is abundantly clear that significant research
is still needed in order to properly understand the rift-to-drift
evolution along magma-poor margins. Several key avenues
for future research are proposed.

Given the unmatched and crucial value of RWAR profil-
ing for determining crustal and mantle velocities and for de-
limiting key horizontal boundaries like the Moho and lateral
variations attributable to continent–ocean transitions, clearly
more geophysical surveys are needed to fill coverage gaps
(particularly across continent–ocean transition zones) and to
ensure that margins are being compared using similar data
acquisition parameters and modelling approaches. As clearly
demonstrated by Grevemeyer et al. (2022), a dense spacing
of OBSs (10–12 km) is pivotal for high-resolution charac-
terization of continent–ocean transition zones. The resulting
models allow improved correlations with independent and
co-located geophysical constraints, such as shipboard mag-
netic data, and increase confidence in posited interpretations.
Furthermore, as demonstrated by the direct comparison of
models generated by conventional FMRT modelling (Lau
et al., 2018) and FWI (Jian et al., 2021) using the exact same
input data but yielding different models and interpretations
(models 15a and 15b in Fig. 6), comparable modelling ap-
proaches need to be used in order to reliably identify veloc-
ity model features that can be attributed to real geological
phenomena. To this end, synthetic modelling of RWAR ac-
quisition parameters to determine optimal OBS spacings and
their influence on modelling outputs is needed.

Where high-resolution velocity structural models do now
exist, such as for southwestern Iberia (Merino et al., 2021;
Grevemeyer et al., 2022), significant variations in mantle ex-
humation and the onset of oceanic crustal accretion are re-
vealed over relatively short spatial scales. To explain these
variations, an enhanced need for numerical modelling efforts
now exists to complement existing work (Bowling and Harry,
2001; Pérez-Gussinyé et al., 2001; Pérez-Gussinyé and Re-
ston, 2001; Pérez-Gussinyé et al., 2006; Huismans and Beau-
mont, 2007; Theunissen and Huismans, 2022; Liu et al.,
2023), with particular emphasis placed on which key param-

eters (e.g. rift velocity, thermal structure, magmatic contribu-
tions, hydrothermal circulation, mantle rheology and fertil-
ity; Chenin et al., 2015, 2017, 2019; Mouthereau et al., 2021)
control or influence localized rifting processes and seafloor
spreading mechanisms. While these parameters can be more
effectively isolated and their impacts quantified using 2-D
numerical models, their incorporation into 3-D models is the
ultimate goal if the complexities of the southern North At-
lantic are to be properly explained.

Continent–ocean transition zones hold great potential for
advancing the energy transition, with serpentinized mantle
representing an important global source of geologic hydro-
gen (Albers et al., 2021; Milkov, 2022; Liu et al., 2023) and
ultramafic rocks serving the role of both effective carbon
sequestration reservoirs (Goldberg et al., 2010; Schwarzen-
bach et al., 2013; Picazo et al., 2020; Coltat et al., 2021) and
sources of critical minerals (Hannington et al., 2017; Patten
et al., 2022). An improved understanding of the processes in-
volved in their formation and the key controlling parameters
is essential for characterizing these zones offshore and ex-
plaining their occurrences in subsequent orogenesis onshore.

7 Conclusions

In this study, the continent–ocean transition zones (COTZs)
of the southern North Atlantic Ocean have been synthesized
using seismic refraction and wide-angle reflection (RWAR)
profiling in order to elucidate variations in both interpreted
basement types and upper mantle types and to extract re-
gional trends in COTZ components and distributions. The
main findings are as follows:

– COTZs in the southern North Atlantic Ocean are gen-
erally associated with zones of exhumed serpentinized
mantle of variable width, with most margins (other than
Morocco) comprising extensive zones of unexhumed
sub-crustal serpentinized mantle.

– Variations in oceanic crustal thicknesses within COTZs
may reflect localized seafloor spreading processes or
may simply show that different OBS spacings and
methodological approaches can generate conflicting re-
sults at the oceanward limits of the RWAR profiles.

– Regardless of their basement components (e.g. thin con-
tinental, exhumed mantle, anomalously thin oceanic),
COTZs of the southern North Atlantic show symmetric
lateral extents north of the Newfoundland–Azores Frac-
ture Zone all the way to the Labrador Sea, but a stark
asymmetry exists further south, possibly due to funda-
mental differences in rifting mechanisms, rifting veloci-
ties, the thermal regime, or rheological and petrological
variations of the continental lithosphere.

– Significant RWAR data gaps exist, particularly for the
northern Irish Atlantic margins, and a clearer under-
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standing of optimal data acquisition and modelling ap-
proaches is needed to properly characterize continent–
ocean transition zones using these methods.

– A more profound understanding of continent–ocean
transition zones offshore is needed to identify the key
parameters that drive their evolution. This groundwork
is essential for evaluating the incorporation of these
zones into later orogenesis revealed onshore.
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ogy, University of Karlova, Prague, 214 pp., 1977.

Chalmers, J. A. and Laursen, K. H.: Labrador Sea: the extent of con-
tinental and oceanic crust and the timing of the onset of seafloor
spreading, Mar. Petrol. Geol., 12, 205–217, 1995.

Chen, C., Watremez, L., Prada, M., Minshull, T., Edwards, R.,
O’Reilly, B., Reston, T., Wagner, G., Gaw, V., Klaschen,
D., and Shannon, P.: From continental hyperextension to
seafloor spreading: new insights on the Porcupine Basin from
wide-angle seismic data, J. Geophys. Res., 123, 8312–8330,
https://doi.org/10.1029/2018JB016375, 2018.

Chenin, P., Manatschal, G., Lavier, L. L., and Erratt, D.: As-
sessing the impact of orogenic inheritance on the architecture,
timing and magmatic budget of the North Atlantic rift sys-
tem: a mapping approach, J. Geol. Soc. Lond., 172, 711–720,
https://doi.org/10.1144/jgs2014-139, 2015.

Chenin, P., Manatschal, G., Picazo, S., Müntener, O., Karner, G.,
Johnson, C., and Ulrich, M.: Influence of the architecture of
magma-poor hyperextended rifted margins on orogens produced
by the closure of narrow versus wide oceans, Geosphere, 13,
559–576, 2017.

Chenin, P., Picazo, S., Jammes, S., Manatschal, G., Müntener, O.,
and Karner, G.: Potential role of lithospheric mantle composi-
tion in the Wilson cycle: a North Atlantic perspective, in: Fifty
Years of the Wilson Cycle Concept in Plate Tectonics, edited by:
Wilson, R., Houseman, G., McCaffrey, K., Doré, A., and Buiter,
S., Geological Society of London, Special Publications, vol. 470,
157–172, https://doi.org/10.1144/SP470.10, 2019.

Chian, D. and Louden, K. E.: The structure of Archean-Ketilidian
crust along the continental shelf of southwestern Greenland from
a seismic refraction profile, Can. J. Earth Sci., 29, 301–313,
1992.

Chian, D. and Louden, K. E.: The continent-ocean crustal transition
across the southwest Greenland margin, J. Geophys. Res., 99,
9117–9135, 1994.

Chian, D., Louden, K. E., and Reid, I.: Crustal structure of the
Labrador Sea conjugate margin and implications for the forma-
tion of nonvolcanic continental margins, J. Geophys. Res., 100,
24239–24253, 1995.

Chian, D., Reid, I., and Jackson, H.: Crustal structure beneath Or-
phan Basin and implications for nonvolcanic continental rifting,
J. Geophys. Res., 106, 10923–10940, 2001.

Coltat, R., Boulvais, P., Branquet, Y., Richard, A., Tarantola, A., and
Manatschal, G.: Moho carbonation at an ocean-continent tran-
sition, Geology, 50, 278–283, https://doi.org/10.1130/G49363.1,
2021.

Contrucci, I., ofer, F. K., Perrot, J., Bartolome, R., Gutscher, M.-A.,
Sahabi, M., Malod, J., and Rehault, J.-P.: The crustal structure
of the NW Moroccan continental margin from wide-angle and
reflection seismic data, Geophys. J. Int., 159, 117–128, 2004.

Crosby, A., White, N., Edwards, G., and Shillington, D. J.: Evolu-
tion of the Newfoundland-Iberia conjugate rifted margins, Earth
Planet. Sc. Lett., 273, 214–226, 2008.

Davy, R. G., Morgan, J. V., Minshull, T. A., Bayrakci, G., Bull,
J. M., Klaeschen, D., Reston, T. J., Sawyer, D. S., Lymer, G.,
and Cresswell, D.: Resolving the fine-scale velocity structure
of continental hyperextension at the Deep Galicia Margin us-
ing full-waveform inversion, Geophys. J. Int., 212, 244–263,
https://doi.org/10.1093/gji/ggx415, 2017.

Dean, S., Minshull, T., Whitmarsh, R., and Louden, K.: Deep
structure of the ocean-continent transition in the southern Iberia

https://doi.org/10.5194/se-15-683-2024 Solid Earth, 15, 683–710, 2024

https://doi.org/10.1029/2021JB023220
https://doi.org/10.1016/0012-821X(84)90211-5
https://doi.org/10.1144/GSL.SP.2001.187.01.25
https://doi.org/10.1111/j.1365-246X.2006.03156.x
https://doi.org/10.1038/ngeo1201
https://doi.org/10.1038/nature18319
https://doi.org/10.5194/se-9-1187-2018
https://doi.org/10.1016/j.gr.2014.02.007
https://doi.org/10.5194/se-11-397-2020
https://doi.org/10.1016/j.earscirev.2007.03.003
https://doi.org/10.1029/2018JB016375
https://doi.org/10.1144/jgs2014-139
https://doi.org/10.1144/SP470.10
https://doi.org/10.1130/G49363.1
https://doi.org/10.1093/gji/ggx415


704 J. K. Welford: Magma-poor COTZs

Abyssal Plain from seismic refraction profiles: the IAM-9 tran-
sect at 40 20’N, J. Geophys. Res., 105, 5859–5886, 2000.

de Graciansky, P. and Poag, C.: Geologic history of Goban Spur,
northwest Europe continental margin, in: Initial Reports of the
DSDP, edited by: de Graciansky, P. and Poag, C., US Govern-
ment Printing Office, Washington, D.C., vol. 80, chap. 58, 1187–
1216, https://doi.org/10.2973/dsdp.proc.80.158.1985, 1985.

Druet, M., Muñoz-Martín, A., Granja-Bruña, J. L., Carbó-
Gorosabel, A., Acosta, J., Llanes, P., and Ercilla, G.: Crustal
structure and continent-ocean boundary along the Galicia con-
tinental margin (NW Iberia): insights from combined grav-
ity and seismic interpretation, Tectonics, 37, 1576–1604,
https://doi.org/10.1029/2017TC004903, 2018.

Eagles, G., Pérez-Díaz, L., and Scarselli, N.: Getting over
continent ocean boundaries, Earth-Sci. Rev., 151, 244–265,
https://doi.org/10.1016/j.earscirev.2015.10.009, 2015.

Eddy, M. P., Jagoutz, O., and Ibañez-Mejia, M.: Timing of initial
seafloor spreading in the Newfoundland-Iberia rift, Geology, 45,
527–530, 2017.

Eldholm, O., Thiede, J., and Taylor, E.: Evolution of
the Vøring Volcanic Margin, Proc., scientific results,
ODP, Leg 104, Norwegian Sea, 104, 1033–1065,
https://doi.org/10.2973/odp.proc.sr.104.191.1989, 1989.

Eldholm, O., Gladczenko, T. P., Skogseid, J., and Planke,
S.: Atlantic volcanic margins: a comparative study, Geolog-
ical Society, London, Special Publications, 167, 411–428,
https://doi.org/10.1144/GSL.SP.2000.167.01.16, 2000.

Epin, M. E., Manatschal, G., Amman, M., Ribes, C., Clausse,
A., Guffon, T., and Lescanne, M.: Polyphase tectono-
magmatic evolution during mantle exhumation in an ultra-
distal, magma-poor rift domain: example of the fossil Platta
ophiolite, SE Switzerland, Int. J. Earth Sci., 108, 2443–2467,
https://doi.org/10.1007/s00531-019-01772-0, 2019.

Franke, D.: Rifting, lithosphere breakup and vol-
canism: Comparison of magma-poor and vol-
canic rifted margins, Mar. Petrol. Geol., 43, 63–87,
https://doi.org/10.1016/j.marpetgeo.2012.11.003, 2013.

Frizon de Lamotte, D., Fourdan, B., Leleu, S., Leparmen-
tier, F., and de Clarens, P.: Style of rifting and the
stages of Pangea breakup, Tectonics, 34, 1009–1029,
https://doi.org/10.1002/2014TC003760, 2015.

Funck, T. and Louden, K. E.: Wide-angle seismic imaging of pris-
tine Archean crust in the Nain Province, Labrador, Can. J. Earth
Sci., 35, 672–685, 1998.

Funck, T. and Louden, K. E.: Wide-angle seismic transect across the
Torngat Orogen, northern Labrador: evidence for a Proterozoic
crustal root, J. Geophys. Res., 104, 7463–7480, 1999.

Funck, T. and Louden, K. E.: Wide-angle seismic imaging of a
Mesoproterozoic anorthosite complex: the Nain Plutonic Suite in
Labrador, Canada, J. Geophys. Res., 105, 25693–25707, 2000.

Funck, T., Louden, K. E., and Hall, J.: Wide-angle reflectivity across
the Torngat Orogen, NE Canada, Geophys. Res. Lett., 28, 3541–
3544, 2001a.

Funck, T., Louden, K. E., and Reid, I.: Crustal structure of the
Grenville Province in southeastern Labrador from refraction seis-
mic data: evidence for a high-velocity lower crustal wedge, Can.
J. Earth Sci., 38, 1463–1478, 2001b.

Funck, T., Hopper, J. R., Larsen, H. C., Louden, K. E.,
Tucholke, B. E., and Holbrook, W. S.: Crustal struc-

ture of the ocean-continent transition at Flemish Cap:
seismic refraction results, J. Geophys. Res., 108, 2531,
https://doi.org/10.1029/2003JB002434, 2003.

Funck, T., Jackson, H. R., Louden, K. E., Dehler, S. A., and Wu,
Y.: Crustal structure of the northern Nova Scotia rifted conti-
nental margin (Eastern Canada), J. Geophys. Res., 109, B09102,
https://doi.org/10.1029/2004JB003008, 2004.

Funck, T., Jackson, H., Louden, K. E., and Klingelhõfer, F. K.:
Seismic study of the transform-rifted margin in Davis Strait
between Baffin Island (Canada) and Greenland: what happens
when a plume meets a transform, J. Geophys. Res., 112, B04402,
https://doi.org/10.1029/2006JB004308, 2007.

Funck, T., Hansen, A., Reid, I., and Louden, K. E.: The crustal struc-
ture of the southern Nain and Makkovik provinces of Labrador
derived from refraction seismic data, Can. J. Earth Sci., 45, 465–
481, 2008.

Funck, T., Dehler, S., Chapman, C., Delescluse, M., Iuliucci, J.,
Iuliucci, R., Judge, W., Meslin, P., and Ruhnau, M.: Cruise Re-
port of the SIGNAL 2009 Refraction Seismic Cruise (Hudson
2009-019), Open file # 6442, 110 pp., Geological Survey of
Canada, https://publications.gc.ca/collections/collection_2016/
rncan-nrcan/M183-2-6441-eng.pdf (last access: 15 June 2024),
2010.

Funck, T., Erlendsson, Ö., Geissler, W. H., Gradmann, S., Kimbell,
G. S., McDermott, K., and Petersen, U. K.: A review of the NE
Atlantic conjugate margins based on seismic refraction data, Ge-
ological Society, London, Special Publications, 447, 171–205,
https://doi.org/10.1144/SP447.9, 2017.

Gerlings, J., Louden, K., and Jackson, H.: Crustal structure of the
Flemish Cap Continental Margin (eastern Canada): an analysis of
a seismic refraction profile, Geophys. J. Int., 185, 30–48, 2011.

Gerlings, J., Louden, K. E., Minshull, T. A., and Nedimovic, M. R.:
Flemish Cap-Goban Spur conjugate margins: new evidence of
asymmetry, Geology, 40, 1107–1110, 2012.

Gillard, M., Tugend, J., Müntener, O., Manatschal, G.,
Karner, G. D., Autin, J., Sauter, D., Figueredo, P. H.,
and Ulrich, M.: The role of serpentinization and mag-
matism in the formation of decoupling interfaces at
magma-poor rifted margins, Earth-Sci. Rev., 196, 102882,
https://doi.org/10.1016/j.earscirev.2019.102882, 2019.

Ginzburg, A., Whitmarsh, R., Roberts, D., Montadert, L., Camus,
A., and Avedik, F.: The deep seismic structure of the northern
continental margin of the Bay of Biscay, Ann. Geophys., 3, 499–
510, 1985.

Gohl, K. and Smithson, S.: Structure of Archean crust
and passive margin of southwest Greenland from seis-
mic wide-angle data, J. Geophys. Res., 98, 6623–6638,
https://doi.org/10.1029/93JB00016, 1993.

Goldberg, D. S., Kent, D. V., and Olsen, P. E.: Potential on-shore
and off-shore reservoirs for CO2 sequestration in Central At-
lantic magmatic province basalts, P. Natl. Acad. Sci. USA, 107,
1327–1332, https://doi.org/10.1073/pnas.0913721107, 2010.

Górszczyk, A., Brossier, R., and Métivier, L.: Graph-Space Op-
timal Transport Concept for Time-Domain Full-Waveform
Inversion of Ocean-Bottom Seismometer Data: Nankai
Trough Velocity Structure Reconstructed From a 1D
Model, J. Geophys. Res.-Sol. Ea., 126, e2020JB021504,
https://doi.org/10.1029/2020JB021504, e2020JB021504
2020JB021504, 2021.

Solid Earth, 15, 683–710, 2024 https://doi.org/10.5194/se-15-683-2024

https://doi.org/10.2973/dsdp.proc.80.158.1985
https://doi.org/10.1029/2017TC004903
https://doi.org/10.1016/j.earscirev.2015.10.009
https://doi.org/10.2973/odp.proc.sr.104.191.1989
https://doi.org/10.1144/GSL.SP.2000.167.01.16
https://doi.org/10.1007/s00531-019-01772-0
https://doi.org/10.1016/j.marpetgeo.2012.11.003
https://doi.org/10.1002/2014TC003760
https://doi.org/10.1029/2003JB002434
https://doi.org/10.1029/2004JB003008
https://doi.org/10.1029/2006JB004308
https://publications.gc.ca/collections/collection_2016/rncan-nrcan/M183-2-6441-eng.pdf
https://publications.gc.ca/collections/collection_2016/rncan-nrcan/M183-2-6441-eng.pdf
https://doi.org/10.1144/SP447.9
https://doi.org/10.1016/j.earscirev.2019.102882
https://doi.org/10.1029/93JB00016
https://doi.org/10.1073/pnas.0913721107
https://doi.org/10.1029/2020JB021504


J. K. Welford: Magma-poor COTZs 705

Gouiza, M. and Naliboff, J.: Rheological inheritance controls the
formation of segmented rifted margins in cratonic lithosphere,
Nat. Commun., 12, 4653, https://doi.org/10.1038/s41467-021-
24945-5, 2021.

Gradstein, F., Ogg, J., Schmitz, M., and Ogg, G. (Eds.): The Ge-
ologic Time Scale 2012, Elsevier, ISBN 978-0-44-459434-1,
2012.

Grevemeyer, I., Hayman, N. W., Peirce, C., Schwardt, M.,
van Avendonk, H. J., Dannowski, A., and Papenberg, C.:
Episodic magmatism and serpentinized mantle exhumation at an
ultraslow-spreading centre, Nat. Geosci., 11, 444–448, 2018.

Grevemeyer, I., Ranero, C. R., Papenberg, C., Sallares, V., Bar-
tolomé, R., Prada, M., Batista, L., and Neres, M.: The continent-
to-ocean transition in the Iberia Abyssal Plain, Geology, 50, 615–
619, https://doi.org/10.1130/G49753.1, 2022.

Grion, S., Exley, R., Manin, M., Miao, X., Pica, A., Wang, Y.,
Granger, P., and Ronen, S.: Mirror imaging of OBS data, First
Break, 25, 37–42, https://doi.org/10.3997/1365-2397.2007028,
2007.

Guo, P., Singh, S. C., Vaddineni, V. A., Visser, G., Greve-
meyer, I., and Saygin, E.: Nonlinear full waveform inversion
of wide-aperture OBS data for Moho structure using a trans-
dimensional Bayesian method, Geophys. J. Int., 224, 1056–1078,
https://doi.org/10.1093/gji/ggaa505, 2020.

Hall, J., Louden, K. E., Funck, T., and Deemer, S.: Geophysical
characteristics of the continental crust along the Lithoprobe East-
ern Canadian Shield Onshore-Offshore Transect (ECSOOT): a
review, Can. J. Earth Sci., 39, 569–587, 2002.

Hannington, M., Petersen, S., and Krätschell, A.: Subsea min-
ing moves closer to shore, Nat. Geosci., 10, 158–159,
https://doi.org/10.1038/ngeo2897, 2017.

Hauser, F., O’Reilly, B. M., Jacob, A. B., Shannon, P. M., Makris,
J., and Vogt, U.: The crustal structure of the Rockall Trough: dif-
ferential stretching without underplating, J. Geophys. Res., 100,
4097–4116, 1995.

Haworth, R. and Keen, C. E.: The Canadian Atlantic margin: a pas-
sive continental margin encompassing an active past, Tectono-
physics, 59, 83–126, 1979.

Heine, C., Zoethout, J., and Müller, R. D.: Kinematics of the South
Atlantic rift, Solid Earth, 4, 215–253, https://doi.org/10.5194/se-
4-215-2013, 2013.

Henning, A. T., Sawyer, D. S., and Templeton, D. C.: Exhumed
upper mantle within the ocean-continent transition on the north-
ern West Iberia margin: evidence from prestack depth migration
and total tectonic subsidence analyses, J. Geophys. Res., 109,
B05103, https://doi.org/10.1029/2003JB002526, 2004.

Hibbard, J. and Waldron, J. W.: Truncation and transla-
tion of Appalachian promontories: Mid-Paleozoic strike-
slip tectonics and basin initiation, Geology, 37, 487–490,
https://doi.org/10.1130/G25614A.1, 2009.

Hopper, J., Funck, T., Tucholke, B., Larsen, H. C., Holbrook, W. S.,
Louden, K. E., Shillington, D. J., and Lau, H.: Continental
breakup and the onset of ultraslow seafloor spreading off Flem-
ish Cap on the Newfoundland rifted margin, Geology, 32, 93–96,
2004.

Hopper, J., Funck, T., Tucholke, B., Louden, K., Holbrook,
W., and Larsen, H. C.: A deep seismic investigation of the
Flemish Cap margin: implications for the origin of deep
reflectivity and evidence for asymmetric break-up between

Newfoundland and Iberia, Geophys. J. Int., 164, 501–515,
https://doi.org/10.1111/j.1365-246X.2006.02800.x, 2006.

Horsefield, S. J., Whitmarsh, R. B., White, R. S., and Sibuet, J.-C.:
Crustal structure of the Goban Spur rifted continental margin,
NE Atlantic, Geophys. J. Int., 119, 1–19, 1994.

Huismans, R. and Beaumont, C.: Roles of lithospheric strain soft-
ening and heterogeneity in determining the geometry of rifts and
continental margins, in: Imaging, mapping and modelling conti-
nental lithosphere extension and breakup, edited by: Karner, G.,
Manatschal, G., and Pinheiro, L., Geological Society of London,
Special Publications, vol. 282, 111–138, 2007.

Jammes, S. and Lavier, L.: Effect of contrasting strength from inher-
ited crustal fabrics on the development of rifting margins, Geo-
sphere, 15, 407–422, https://doi.org/10.1130/GES01686.1, 2019.
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