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Key Points

We define rift domains and their boundaries in the western and central North Iberian margin using geological and
geophysical data.

The North Iberian margin shows structural variability resulting from polyphase rifting and subsequent
compressional reactivation

Rift domains controlled the subsequent inversion conditioning the current structure of the North Iberian margin
and the Cantabrian Mountains

Abstract

The Alpine Pyrenean-Cantabrian orogen developed along the plate boundary between Iberia and Europe,
involving the inversion of Mesozoic hyperextended basins along the southern Biscay margin. Thus, this margin
represents a natural laboratory to analyse the control of structural rift inheritance on the compressional reactivation
of a continental margin. With the aim to identify former rift domains and investigate their role during the
subsequent compression, we performed a structural analysis of the central and western North Iberian margin,
based on the interpretation of seismic reflection profiles and local constraints from drill-hole data. Seismic
interpretations and published seismic velocity models enabled the development of crustal thickness maps that
helped to constrain further the offshore and onshore segmentation. Based on all these constraints, we present a
rift domain map across the central and western North Iberian margin, as far as the adjacent western Cantabrian
Mountains. Furthermore, we provide a first-order description of the margin segmentation resulting from its
polyphase tectonic evolution. The most striking result is the presence of a hyperthinned domain (e.g. Asturian
Basin) along the central continental platform that is bounded to the north by the Le Danois High, interpreted as a
rift-related continental block separating two distinctive hyperextended domains. From the analysis of the rift
domain map and the distribution of reactivation structures, we conclude that the landward limit of the necking
domain and the hyperextended domains respectively guide and localize the compressional overprint. The Le

Danois block acted as a local buttress, conditioning the inversion of the Asturian Basin.
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1) Introduction

The understanding of the structure and evolution of rifted margins and of the processes involved in their
formation and reactivation has improved remarkably over the past two decades. For instance, the concept of
polyphase rifting including successive deformation modes that develop since the initiation of crustal stretching
until the onset of oceanic accretion is now widely accepted [e.g., Boillot & Froitzheim 2001; Lavier &
Manatschal, 2006]. Regardless of their variability, worldwide hyperextended rifted margins share a comparable
large-scale organization into distinctive domains defined from different approaches and observations made at
different scales [e.g., Dean et al., 2000; Lagabrielle et al., 2010; Masini et al., 2013; Mohn et al., 2012; Pérez-
Gussinyé et al., 2003; Péron-Pinvidic et al., 2013; Sutra et al., 2013]. In the case of magma-poor rifted margins,
five structural domains can be distinguished which are referred to as: proximal, necking, hyperthinned, exhumed
mantle and oceanic domains (Figure 1a) [Tugend et al., 2015a]. The hyperthinned and exhumed mantle domains
are referred in some studies together as the distal [e.g. Péron-Pinvidic et al., 2013] or hyperextended domain
[Mohn et al., 2015; this study].

The various rift domains are characterized by different structures, a particular sediment geometries and
basement type (Figure 1a and b), suggesting that they result from different modes of deformation [Sutra et al.,
2013] that migrate progressively towards the area of the future breakup [Péron-Pinvidic & Manatschal, 2009].
Thus, defining and mapping the different rift domains along a rifted margin can improve the understanding of its
formation and allow the comparison with lithospheric scale numerical models [e.g., Lavier & Manatschal, 2006;
Huismans & Beaumont, 2011; Brune et al., 2014]. Rift domains also have different rheological profiles, which
will influence any subsequent reactivation of the continental margin [Péron-Pinvidic et al., 2008; Tugend et al.,
2014]. In reactivated magma-poor rifted margins, the mapping of rift domains can provide important constraints
about the rift architecture [Tugend et al., 2014], thus facilitating quantitative restoration of hyperextended domains
[Sutra et al., 2013] in the absence of well-constrained magnetic anomalies [e.g., Nirrengarten et al., 2017].
Furthermore, palinspatic restorations of collisional mountain belts often do not consider the early stages of
convergence, that are frequently erased during the later deformation stages. This omission results in
underestimation of the initial shortening [Mouthereau et al., 2014] undergone by the hyperthinned and exhumed
mantle domains. However, the identification of early reactivation of hyperextended domains may be crucial to
explain some of the current features of Alpine type collisional mountain belts. In this sense, the Bay of Biscay is
a remarkable setting preserving early stages of inversion. The mapping of rift domains on this area is also useful
to constrain regional Iberian plate kinematic reconstructions, where the disputed nature of the M-series magnetic

anomalies [Nirrengarten et al., 2017] has led to different plate kinematic scenarios [Barnett-Moore et al., 2016].

Marking the southern Bay of Biscay, the North Iberian margin corresponds to a strongly segmented,

partially inverted, hyperextended magma-poor rifted margin [Derégnaucourt & Boillot, 1982; Roca et al., 2011;



Tugend et al., 2014]. In this work, we focus notably on the central and western North Iberian margin, including
the Asturian Basin and the Le Danois High. Tugend et al. [2014, 2015b], who developed a rift domain map for
the entire Bay of Biscay-Pyrenean system, included this area as part of a wide necking domain. Previous authors
linked the strong segmentation observed within the rift system to the presence of transfer zones, such as the
Santander Transfer zone offshore [Roca et al., 2011], and continental blocks such as the Landes High [Ferrer et
al., 2008; Tugend et al., 2014]. In the abyssal plain, the oceanic crust recognized in the western corner evolves to
a transitional basement towards the east [Alvarez-Marron et al., 1996; Fernandez-Viejo et al., 1998; Ruiz, 2007].
Roca et al. [2011] and Tugend et al. [2014, 2015b] interpreted on this area extremely thinned continental crust
and former exhumed mantle. The anomalous mantle velocities recognized beneath the continental platform have
been attributed to serpentinized exhumed mantle now underthrust beneath the margin due to the Alpine inversion
[Fernandez-Viejo et al., 2012; Roca et al., 2011]. The margin underwent a compressional reactivation varying
between mild inversion and crustal wedging [Alvarez-Marrén et al., 1997; Fernandez-Viejo et al., 2011;
Gallastegui et al., 2002; Roca et al., 2011]. The central and western North Iberian margin are now incorporated,
together with the Cantabrian Mountains, into the Pyrenean-Cantabrian collisional chain [Fernandez-Viejo et al.,
2000; Pulgar et al., 1996] making this area a unique natural laboratory to study and analyse the influence of rift

inheritance on the inversion of a hyperextended rifted margin.

Using a dense set of new high quality 2D seismic reflection data and boreholes, combined with a synthesis
of published results from wide-angle seismic data (Figure 2) we present a detailed map of the rift domains focused
on the central and western North Iberian margin and also including the onshore western Cantabrian Mountains.
Our work builds on the method developed and applied by Tugend et al. [2014, 2015b]. Based on this more detailed
mapping, we aim to constrain further, how rift architecture conditioned the subsequent compressional reactivation
that led to the development of the present-day structure. Moreover, we add some more insights to comprehend

the margin segmentation resulting from polyphase rifting and the subsequent compressional reactivation.

2) Tectonic Setting

The structure of the North Iberian margin resulted from successive tectonic events linked to the complex
palaeographic evolution of the Iberian domain since the Permian. This margin developed during polyphase
Triassic to Lower Cretaceous transtensional and extensional rift events and was subsequently reactivated during
Alpine orogeny [e.g., Boillot et al., 1971; Derégnaucourt & Boillot, 1982; Malod & Boillot, 1982; Montadert et
al., 1971]. The obliquity between the main rift directions, the trend of the oceanic spreading centre, and the
direction of the later compression [e.g., Boillot et al., 1971; Derégnaucourt & Boillot, 1982; Jabaloy et al., 2002;
Jammes et al., 2009; Rosenbaum et al., 2002; Vergés & Garcia-Senz, 2001] permitted the preservation of the
different stages of an almost complete orogenic cycle.

2.1) Mesozoic extension: the Bay of Biscay rift

The Iberian rift systems [ Salas et al., 2001; Salas & Casas, 1993; Tugend et al., 2015b; Vergés & Garcia-

Senz., 2001] developed during Mesozoic transtension/extension linked to the formation and propagation of the

Atlantic and Tethys oceans and the development of the European-Iberian plate boundary. It is widely agreed that



the Bay of Biscay formed as a branch of the southern North Atlantic rift system [Malod & Mauffret, 1990; Roest
& Srivastava, 1991; Ziegler, 1988]. Offshore, the fingerprints of the Mesozoic extension are preserved within the
structure of the North Iberian and the North Biscay conjugate margins [e.g., Boillot et al., 1971; Fernandez-Viejo
et al., 2011; Montadert et al., 1971; Riaza, 1996; Roca et al., 2011; Thinon et al., 2003] (Figure 2a). Onshore,
within the Pyrenean-Cantabrian realm, Mesozoic remnants extensively outcrop in the Pyrenees [e.g., Jammes et
al., 2009; Lagabrielle et al., 2010; Teixell, 1998; Verges et al., 1995] and in the Basque-Cantabrian Zone, in the
eastern Cantabrian Mountains [e.g., Espina, 1997; Quintana, 2012]. In contrast in the Asturian Massif, in the
western Cantabrian Mountains, Mesozoic outcrops are very limited [Virgili et al., 1971] (Figure 2a and b).
2.1.1) The post-Variscan wrench cycle and Permo-Triassic rift

During the Stephanian to early Permian, a tectono-magmatic wrench cycle, responsible for a major system
of shear zones along the northern Iberian domain, developed during the post-orogenic collapse of the Variscan
orogen [Matte, 1991; Ziegler, 1988; Ziegler & Dezes, 2006]. In the Cantabrian Mountains, three main sequences,
including continental deposits from the Gzhelian to the Lower Permian have been recognized [Martinez-Garcia,
2004]. An early Permo-Triassic rift has been suggested based on the presence of Permo-Triassic sedimentary
sequences onshore in northwestern lberia [e.g., Espina, 1997 Martinez-Garcia, 1983; Pieren et al., 1995; Suarez-
Rodriguez, 1988] (Figure 2b). NW-SE and NE-SW structures controlled the structure of grabens and the half-
grabens developed during this period [Espina, 1997; Garcia-Mondéjar et al., 1986; Lepvrier & Martinez-Garcia,
1990; Suarez-Rodriguez, 1988]. Zamora et al. [2017] defined the offshore Asturian Basin as a Permo-Triassic
pre-rift salt basin developed during an early stage of crustal stretching.

Following the Permo-Triassic rift, a period of thermal subsidence affected the northern Iberian rifts during
the Lower and the Middle Jurassic, leading to a general transgression and the development of characteristic marine
facies that are progressively younger from west to east [Quintana, 2012; Gonzalez-Fernandez et al., 2014; Riaza,
1996]. These sediments, including dolomites, limestones and calcareous claystones, have been interpreted as part
of the pre-rift units imaged in the Basque-Cantabrian Basin and in the Asturian Basin [e.g., Cadenas & Fernandez-
Viejo, 2017; Espina, 1997].

2.1.2) The Late Jurassic to Early Cretaceous hyperextension processes

From the Late Jurassic to the Early Cretaceous, rifting processes in the southern North Atlantic rift system
evolved progressively from south to north, leading to mantle exhumation and to the northward propagation and
opening of the Southern North Atlantic ocean [e.g., Dean et al., 2000; Malod & Mauffret, 1990; Péron-Pinvidic
et al., 2007; Pitman & Talwani, 1972; Sibuet et al., 2007; Srivastava et al., 2000; Tucholke et al., 2007]. A major
rifting event developed in the northern lberian rift systems during this period [e.g., Boillot et al., 1979;
Derégnaucourt & Boillot, 1982; Garcia-Mondéjar, 1996; Montadert et al., 1971; Tugend et al., 2014]. The strain
partition that governed the polyphase extension led to the formation of strongly segmented rift systems, including
disconnected hyperextended basins separated by N-S transfer zones [Jammes et al., 2009; Tugend et al., 2015b].
A first event of hyperextension occurred from the Barremian/Valanginian to the Aptian in the Bay of Biscay rift
system, and was overprinted by a second event, which was better recorded in the Pyrenean-Basque-Cantabrian

rift system, where these processes spanned from the Aptian to the Early Cenomanian[Jammes et al., 2009; Tugend



et al., 2014]. In the Bay of Biscay rift, hyperextension processes included crustal thinning and mantle exhumation
[Tugend et al., 2014]. During this period, the Armorican Basin [Montadert et al., 1971; Thinon et al., 2002], the
Asturian Basin [Boillot et al., 1979; Cadenas & Fernandez-Viejo, 2017; Riaza, 1996] and the Parentis Basin [Bois
et al., 1997; Ferrer et al., 2008; Jammes et al., 2010; Pinet et al., 1987] developed as major rift basins (Figure
2a). Tugend et al. [2015a] interpreted the Parentis Basin as rift basin developed on top of a hyperthinned domain
and defined a syn-hyperextension unit spanning from the Valanginian to the Aptian. In the Armorican Basin,
Thinon et al. [2002, 2003] interpreted the emplacement of an allochthonous unit on top of exhumed basement
during the Aptian. In the Asturian Basin, Cadenas & Fernandez-Viejo [2017] interpreted a syn-rift unit spanning
from the Late Jurassic to the Barremian.

In the Aptian, the reorganization of the African and European plates [Rosenbaum et al., 2002] led to a
complex stress field and the counterclockwise rotation of the Iberian plate [Gong et al., 2008] and related
movements between neighboring short-lived microplates [Vissers & Meijer, 2012]. This complex geodynamic
evolution, together with the uncertainties about the origin and the age of M-series magnetic anomalies, has led to
a long-lived controversy between plate kinematic and geological models concerning the rotation and the position
of Iberia from the Late Jurassic to the Early Cretaceous [Barnett-Moore et al., 2016].

2.1.3) Seafloor spreading within the Bay of Biscay and thermal subsidence in adjacent rift basins

The evolution of lithospheric breakup in the southern North Atlantic and the precise age of formation of
the first oceanic crust in the Bay of Biscay are disputed. This is mainly because of the uncertain nature and age of
the oldest linear magnetic anomalies attributed to the M-series along the Iberia-Newfoundland margin [e.g.,
Bronner et al., 2011; Nirrengarten et al., 2017; Sibuet et al., 2007]. In the Bay of Biscay, such anomalies have
been identified [Roest & Srivastava, 1991; Sibuet et al., 2004] (displayed in green in Figure 2a), and further works
showed that they fall onto thinned continental crust and exhumed mantle [Thinon et al., 2003; Tugend et al.,
2014]. The Bay of Biscay V-shaped oceanic basin has been interpreted to develop during a short-lived Mid-
Cretaceous (Latest Aptian to Albian) to Late Cretaceous (Campanian) seafloor spreading episode [Sibuet &
Collette, 1991; Sibuet et al., 2004]. The A34 magnetic anomalies are the only anomalies that are widely recognized
and accepted as oceanic anomalies [Srivastava et al., 1990] (displayed in blue in Figure 2a). Basaltic rocks
interpreted as oceanic crust were drilled at Deep Sea Drilling Project Site 118 [Laughton et al., 1972] (Figure 2a).

During this time span, a major period of thermal subsidence governed the evolution of the Asturian and the
Parentis Basin in the North Iberian margin, where early stages of diapir emplacement occurred, and the Armorican
Basin, in the northern Bay of Biscay margin [Cadenas & Fernandez-Viejo, 2017; Ferrer et al., 2008; Thinon et
al, 2002; Tugend et al., 2015a]. In the Asturian Basin and in the Armorican Basin, the breakup unconformity has
been ascribed to the Aptian [Cadenas & Fernandez-Viejo, 2017; Thinon et al, 2002].



2) The compressional reactivation of rift systems and the development of the Pyrenean-Cantabrian

orogen

The prevailing extensional stress field was modified by the onset of the collision between the Iberian
and the European plates in the Late Cretaceous. This collision lasted until the early Miocene [Vergés et al., 2000].
At that time, the Iberian-European plate boundary became inactive and Iberia was incorporated into the European
plate [Roest & Srivastava, 1991]. During the Alpine orogeny, the Bay of Biscay and the Pyrenean-Basque-
Cantabrian rifts were reactivated to various extent, generating the present-day Pyrenean-Cantabrian orogen. North
Iberia is classically interpreted to show from west to east a transition between incipient oceanic
underthrusting/proto-subduction and complete continent-continent collision (the Pyrenees) [Alvarez-Marron et
al., 1996; Boillot et al., 1979; Choukroune and ECORS Team, 1989; Fernandez-Viejo et al., 1998; Roca et al.,
2011]. A crustal root developed beneath the collisional chain is well-known in the Pyrenees [Choukroune &
ECORS Team, 1989; Gallart et al., 1981], and extends westwards, although much smaller, within the Basque-
Cantabrian Basin [Pedreira et al., 2003, 2007] and beneath the summits of the Cantabrian Mountains [Fernandez-
Viejo et al., 2000; Pulgar et al., 1996; Ruiz, 2007].

During the Alpine compression, the North Biscay margin underwent minor tectonic reactivation [Thinon et
al., 2001]. In contrast, its conjugate to the south, the North Iberian margin, exhibited various stages of inversion
due to the final docking of Iberia to Europe. Most of the compression offshore was accommodated through the
formation of an accretionary wedge, now buried at the northern front of the continental slope [Alvarez-Marrén et
al., 1997; Gallastegui et al., 2002; Fernandez-Viejo et al., 2012] and the southward underthrusting of a part of the
distal domain beneath the platform [Fernandez-Viejo et al., 2012; Roca et al., 2011]. The underthrusting led to
crustal thickening and the uplift of the Cantabrian Mountains [Alonso et al., 1996; Fernandez-Viejo et al., 2000;
Pedreira et al., 2003; Pulgar et al., 1996] (Figure 2a). Meanwhile, the Asturian Basin and the Parentis Basin
within the continental platform were slightly reactivated through the mild inversion of the main normal faults, the
development of related folds, and the squeezing of diapiric structures [Cadenas & Fernandez-Viejo, 2017; Ferrer
et al., 2008; Gallastegui et al., 2002]. Age-dated syn-orogenic units have been ascribed to the Middle Eocene to
Lower Miocene within the accretionary wedge [Alvarez-Marrdn et al., 1997], to the Upper Cretaceous to Middle
Miocene in the Parentis Basin [Ferrer et al., 2008] and to the Upper Eocene to Lower Miocene in the Asturian
Basin [Cadenas & Fernandez-Viejo, 2017; Gallastegui et al., 2002].

Gallastegui et al. [2002] and Pedreira et al. [2015] estimated 96-98 km of shortening from the
restoration of a complete section through the Cantabrian Mountains and the central part of the North Iberian
margin. Further, east, within the Basque-Cantabrian Zone and the Parentis Basin, Quintana et al. [2015]
calculated 122 km of shortening. In the Parentis Basin, the pre-Cretaceous restoration proposed by Vergés &
Garcia-Senz [2001] involves little inversion. In the eastern part of the collisional chain, in the Pyrenees, variable
shortening values have been estimated ranging from 80 km to 147 km [e.g., Mouthereau et al., 2014; Mufioz,
1992; Teixell et al., 2016; Vergés et al., 1995; Teixell, 1998].



2.3) The Asturian Basin as a major rift basin and the Mesozoic fossil remnants onshore in the

western Cantabrian Mountains

The offshore Asturian Basin has been interpreted as a mildly inverted asymmetric rift basin filled by a
sedimentary sequence including sediments from the Triassic to the Quaternary [Cadenas & Fernandez-Viejo,
2017; Boillot et al., 1979; Gallastegui, 2000; Riaza, 1996]. Cadenas & Fernandez-Viejo [2017] interpreted a deep
E-W basin bounded southwards by a major north-dipping normal fault and estimated its depth at the main
depocentre as more than 10 km. In the southernmost continental platform of the central North Iberian margin,
several exploration boreholes were drilled [Cadenas & Fernandez-Viejo, 2017; Gutiérrez-Claverol &
Gallastegui, 2002; Lanaja, 1987]. Sediments recovered by boreholes include Carboniferous sandstones and
limestones, Triassic anhydritic red clays and sandstones belonging to the Keuper facies, with Muschelkalk
limestones interbedded. The Lower Jurassic sediments includes Hettangian dolomites and limestones and Liassic
limestones. The Upper Jurassic to Lower Cretaceous heterogeneous siliciclastic units represent the thickest
deposits. The Upper Cretaceous corresponds to turbiditic deposits that are unconformably overlain by Tertiary

continental deposits, including sediments with ages ranging from the Palaeocene to the Lower Miocene.

Onshore, the Asturian Basin is also known as Gijon-Villaviciosa Basin, and crops out near the coast,
including sediments from the Permian to the Upper Cretaceous [e.g., Uzkeda et al., 2016; Valenzuela et al., 1986]
(Figure 2b). Continental deposits with volcanic elements constitute the Permian [Martinez-Garcia, 1981; Suarez-
Rodriguez, 1988; Wagner & Martinez-Garcia, 1982]. Muschelkalk carbonates from the Middle Triassic are very
restricted or absent [Robles & Pujalte, 2004; Tejerina & Vargas, 1980]. Upper Triassic sediments include
claystones and siltstones, with gypsum and evaporites, and dolomites and limestones in the upper part,
corresponding to Keuper facies [Pieren et al., 1995; Suérez-Rodriguez, 1988]. NW-SE and NE-SW syn-
sedimentary faults controlled the Permo-Triassic sedimentation in this basin [Martinez-Garcia, 1983; Suarez-
Rodriguez, 1988].The most relevant structure within this family is the Ventaniella fault (Figure 2b). This fault has
been interpreted onshore as a polyphase structure that could date from the initial post-Variscan reorganization of
the Iberian massif [Matte, 1991; Julivert et al., 1971]. Offshore, this structure, also referred to as Cantabrian fault,
has been mapped traditionally to follow the trace of the Avilés canyon [Boillot et al., 1973; Derégnaucourt &
Boillot, 1982; Martinez-Alvarez, 1968]. Recently, Fernandez-Viejo et al. [2014] interpreted this fault as a major
structure that separates two distinctive crustal domains with different seismic activity. These authors proposed a
new submarine location for this structure, running N60°W. The Lower to Middle Jurassic sediments correspond
to a well-known marine sequence, which includes dolomites and limestones, displaying a maximum thickness of
about 600 m [Gonzalez-Fernandez et al., 2014; Valenzuela et al., 1986]. The Upper Jurassic sediments includes
continental deposits linked to a second rift event, and shallow marine and fluvial deposits developed during the
Kimmeridgian-Tithonian transgressive event [Gonzalez-Fernandez et al., 2014]. From the Tithonian to earliest
Barremian, Gonzalez-Fernandez et al. [2014] recognized a period of erosion/non-deposition and defined an Upper
Barremian to Aptian transgression accompanied by the deposition of marine facies. The Aptian-Albian and the

Upper Cretaceous deposits, corresponding mainly to siliciclastic sediments with some calcareous levels, are very



scarce and disconnected. Locally, these sediments overlie unconformably the Palaeozoic basement [Gonzéalez-
Fernandez, 2004]. NW- WNW-E-W faults have been recognized as the main faults conditioning the structure of
the Jurassic and the Cretaceous materials [Lepvrier & Martinez-Garcia, 1990; Uzkeda et al., 2016]. The E-W
trending Llanera Fault is interpreted as the main structure controlling the geometry of the onshore Asturian Basin
[Alameda & Rios, 1962] (Figure 2b). This structure was subsequently inverted during the Cenozoic resulting on
the uplift of the Mesozoic sediments, which were thrust over the Cenozoic sediments of the Oviedo Basin [Alonso
etal., 1996].

3) Methodology and terminology

3.1) Rift domain definition

We followed the rift domain definition proposed by Tugend et al. [2015a]. These authors define five
structural domain, which are referred to as proximal, necking, hyperthinned, exhumed mantle, and oceanic

domains (Figure 1la and b).

The proximal domain is characterized by minor lithospheric thinning that results in the formation of
classical graben and half-graben basins [Tugend et al., 2015a; Sutra et al., 2013] (Figure 1b). The necking domain
has been defined as the area where 30 (£5) km continental crust is thinned to about 10 km [Péron-Pinvidic &
Manatschal, 2009; Mohn et al., 2012; Sutra et al., 2013] (Figure 1b). The crustal thinning results in the creation
of accommodation space, recorded by progressive thickening of the syn-rift sequences and deepening of
depositional environments, the shallowing of the Moho, and the deepening of the top basement [Tugend et al.,
2015a]. The limit of this domain may correspond to the taper break [Osmundsen & Redfield, 2011] (Figure 1a)
which usually coincides with the coupling point [Péron-Pinvidic et al., 2013; Nirrengarten et al., 2016]. The
coupling point represents the place where the crustal deformation changes from a decoupled mode, in which faults
sole out in ductile layers in the crust, to a coupled mode, in which faults penetrate across the thinned crust directly
into the mantle [Sutra et al., 2013], due to the embrittlement of the crust [Pérez-Gussinyé et al., 2001] (Figure 1a
and b). The hyperthinned domain is defined as the area where the continental crust is thinned from about 10 km
to zero, leading to the development of a substantial amount of accommodation space [Tugend et al., 2015a] (Figure
la and b). With further extension, mantle rocks may also be in the exhumed mantle domain (Figure 1a).
Anomalous seismic velocity structures have been interpreted to indirectly indicate the presence of serpentinized
mantle at many magma-poor rifted margins [e.g., Dean et al., 2000; Minshull, 2009]. Local magmatic additions,
continental-derived extensional allochthons, serpentinized mantle rocks, locally reworked in syn-tectonic
breccias, and sag-type basins filled by thick aggradational and progradational sequences that wedge out
oceanwards, are also typical features of this domain [Tugend et al., 2015a] (Figure 1a). Finally, the establishment
of stable oceanic spreading and the presence of seafloor-spreading magnetic anomalies characterize the oceanic
domain. The landward limit of this domain remains strongly debated owing to the gradational character recently
attributed to breakup [Péron-Pinvidic & Manatschal, 2009] and the uncertainties in the interpretation of magnetic

anomalies within ultra-distal rifted margins [Nirrengarten et al., 2017; Sibuet et al., 2007].



3.2) Mapping approach

We have characterized the rift domains in the central and western North Iberian margin following the
approach developed by Tugend et al. [2014; 2015a]. The main assumption behind approach is that in magma-
poor, thermally equilibrated rifted margins, the creation of accommodation space (given by the rift-related
deposits) can be considered as a first-order proxy for crustal thickness (Figure 1b). Because the compressional
reactivation that affected the North Iberian margin was superimposed on the rift structures, the application of this
methodology is challenging, particularly where the former margin structures were reactivated and the crust has
been thickened [Fernandez-Viejo et al., 2012; Gallastegui et al., 2002]. To overcome this challenge, our
interpretations relied on the following aspects: 1) crustal structure, crustal thickness and type of extensional setting
(high versus low betta setting, Figure 1); 2) total accommodation space (between sea level and top basement) and
specifically rift-related stratigraphic architecture; and 3) nature of top basement (stratigraphic or tectonic) and
present-day structural boundaries of the domain (extensional fault, inverted fault, thrust).

We use the CS01 dense set of commercial 2D multichannel reflection profiles of a high quality,
obtained from the National Hydrocarbon Archive of Spain as time migrated stacks. We interpreted five E-W
seismic profiles and thirty-eight N-S seismic lines, together with twenty-two boreholes (Figure 2). Cadenas &
Fernandez-Viejo [2017] provide the acquisition and the processing parameters as well as a description of the
quality of the seismic records (supporting information, Tables S1 and S2). One of the longest N-S profiles that
extends out for 107 km from the continental platform to the abyssal plain (CS01-132) (Figure 2) was post-stack
depth migrated.

Seismic interpretation of the first-order interfaces allowed the definition of the crustal structure. We
mapped five primary interfaces within the studied area to define the crustal scale architecture and the
accommodation space (Figure 3 and 4): the seafloor, the base of the syn-orogenic deposits, the base of the post-
hyperextension sediments, the top of the seismic basement, and seismic Moho. If the top of seismic basement
corresponds to the base of sedimentary infill, these five interfaces enable us to define variations in crustal and
sediment thickness of the rift-related deposits and the syn-orogenic deposits. In the central part of the North Iberian
margin, the seismic Moho is not traceable, so we interpreted this interface from the integration with previous
seismic velocity models from the ESCI-N and the MARCONI projects. We used IAM-12, ESCIN-3.1 and ESCIN-
4 models from Fernandez-Viejo et al. [1998], the ESCIN-3.3 model from Ayarza et al. [1998] and the MARCONI-
1, MARCONI-6, MARCONI-4 and MARCONI-8 models from Ruiz [2007] (see inset in Figure 3). We have used
these models to determine the two-way travel time of the Moho interface. The time conversion was gridded and
the resulting data were extrapolated and superimposed on to the seismic sections (Figures 3 and 4).

Interpretation of the main seismo-stratigraphic sequences and the major structures allowed the
definition of the stratigraphic architecture (Figure 5). These seismo-stratigraphic sequences are then related to the
major tectonic events developed within the North Iberian margin as: 1) the post-tectonic unit, developed during
the passive margin stage; 2) the syn-orogenic and the pre-orogenic units, related to the Alpine orogeny; 3) the

post-/syn-/ and pre-hyperextension units, linked with the main rifting event; and 4) the seismic basement. A



detailed description of the seismic facies and the age of these units, as well as the seismic to well ties used to
define the time constraints, is provided by Cadenas & Fernandez-Viejo [2017]. A 3D analysis based on some
boreholes allowed us to constrain the spatial variation of sediment thickness interpreted as part of the syn-orogenic
and syn-hyperextension and post-hyperextension units (Figure 6 and 7). We represented the well records in terms
of tectonic units after analysing the stratigraphic reports and defining the main seismo-stratigraphic units from the
development of seismic to well ties and the correlation of the time constraints noted in the boreholes with the
seismic facies observed within the seismic profiles.

Isopach maps developed from the first-order interfaces provided further constraints on local and
regional changes in crustal and sedimentary thickness (Figure 8 and 9). To build these maps, we gridded the
seafloor and the top of the seismic basement interpreted from the seismic data and the time converted seismic
Moho from all the available velocity models. Using these surfaces and the CS01 migration velocities, we
developed a velocity model and we depth converted the top of the seismic basement and the seafloor. From the
combination of the resulting basement interface and the gridded refraction Moho, we developed a crustal thickness
map (Figure 8). The subtraction of the depth converted top of the seismic basement and the seafloor defined the
sediment thickness variations (Figure 9). Mapped crustal and sedimentary thicknesses also include the effects of
inversion and crustal thickening during convergence. Thus, the present-day value of crustal thickness represents

an upper limit, that locally reflect crustal thickening of previously extended crust due to reactivation.

Since the North Iberian margin is now, albeit submerged, part of the Pyrenean-Cantabrian orogen, our
analysis of rift domains had to include the onshore Cantabrian Mountains, to understand better the influence of
rift inheritance on the margin inversion. Onshore, rift domains are mapped based mainly on the analysis of the
crustal thickness obtained from published wide-angle/refraction P-wave velocity models (Figure 10). We used the
models developed for the westernmost area from Cérdoba et al. [1987] and Tellez [1993], the IAM-12 and
ESCIN-4 profiles, Profiles 1-5 from Fernandez-Viejo et al. [1998, 2000], Profiles 1 and 6 from Pedreira et al.
[2003], and the MARCONI-1 profile from Ruiz [2007] (see inset in Figure 10).

4) Structure and characterization of rift domains in the central and western North Iberian

margin
The interpretation of the seismic profiles and the boreholes have revealed broad structural variability
within the margin (Figures 3,4 and 5). From the interpretation of the first-order interfaces and the main structural
and stratigraphic features, we have distinguished four distinct areas: 1) a synclinal basin developed on top of
thick crust, within the continental platform of the western North Iberian margin (Figures 3a and Figure 5a); 2)
the deep and wide Asturian Basin overlying a highly attenuated crust, in the continental platform of the central
North Iberian margin (Figure 3b and c, Figure 4, and Figure 5b); 3) the Le Danois High basement block, within
the shelf-break and the continental slope in the central North Iberian margin (Figure 3b and ¢ and Figure 4); and

4) the accretionary wedge within the abyssal plain (Figures 4 and 5c).



4.1) Crustal structure: Seismic interpretation of first-order interfaces

The seafloor reflection varies from 200 ms TWT on the shelf to 5800 ms TWT in the abyssal plain. It is
flat in the central continental platform but shows a low, deepening to 1.2 s TWT in the deepest part of the Asturian
Basin (Figure 3b). On the continental slope and around the Santander, Torrelavega, Llanes, Lastres, Gijén, and
Avilés major submarine canyons, the bathymetry is largely controlled due to the abundance of mass-wasting

processes and canyon deposits [Ercilla et al., 2008].

The base of the syn-orogenic deposits can be recognized in the central North Iberian continental platform,
where it is well imaged by a regional erosional truncation which represents an onlap surface towards the limbs
and the hinge of the anticlines (Figures 3b, 4, and 5b). This surface is irregular and draws the shape of the Alpine
folds beneath the bathymetric low recognized in the Asturian Basin. It deepens to 2 s TWT toward the synclines
(e.g., Figure 5b between 25 and 30 km of distance) and shallows to 1 s TWT towards the hinge of the anticlines
(e.g. Figure 5b between 30 and 40 km of distance). In the southernmost part of the continental platform, this
surface displays a fan-shape geometry, deepening to 2.5 s TWT in the so-called Pefias Trough (e.g., Figure 3b,
between SP 0 and 100). Over the hinge of the anticline developed in the hanging wall, this surface shallows to 0.3
s TWT (e.g., Figure 3b, SP. 150 to 200). Within the abyssal plain, this surface can be followed between 7 and 8 s
TWT in the frontal and central part of the accretionary wedge (Figure 4 and 5c). At the toe of the slope, this
surface cannot be identified confidentially due to complex reflectivity patterns (Figure 4 between SP. 2100 and
2500). It constitutes a planar onlap surface in the frontal part of the accretionary wedge and a wavy baselap surface
in the northernmost thrust sheet (Figure 4 between SP. 500 and 3100).

The base of the post-hyperextension sediments, our third interface in the continental platform, can
be recognized between 2 and 4 s TWT within the depocentres of the Asturian Basin, where it is defined by an
unconformity which passes laterally to a correlative conformity (Figure 3b between SP 300 and 450). In this area,
this surface is folded and cut by the inverted faults (e.g., Figure 3b between SP.500 and 700). Within the southern
part of the continental platform, the poor quality of the seismic record hampers its recognition in some seismic
sections (Figure 3b southwards of SP 100). Therefore, we used data from boreholes to estimate its position at
about 3 s TWT [Cadenas & Fernandez-Viejo, 2017]. In the northern part of the continental platform and in the
eastern part of the Asturian Basin, the distinctive reflection fabric of the parallel-layered post-hyperextension unit
and the poorly reflective syn-hyperextension unit, together with the local toplap geometry of the syn-
hyperextension sediments, have been used to map this interface (Figure 3b between SP 800 and 1300 and Figure
3c respectively). In the eastern part of the Asturian Basin, this surface is located between 3 and 4 s TWT and
affected by the Alpine structures (e.g. Figures 3c between SP. 2100 and 800). In the northern part of the platform,

this planar and south-directed surface progressively shallows to less than 1 s TWT over the Le Danois High. In



the western North Iberian platform, it could be assigned to a local planar unconformity overlying the pre-

hyperextension deposits at about 0.3 s TWT (Figures 3a and 5a).

The top of seismic basement can be reasonably well constrained. In the central part of the margin,
where the rift-related sequences and the syn-orogenic deposits filling the Asturian Basin can be differentiated
[Cadenas & Fernandez-Viejo, 2017], this horizon has been interpreted at the base of the pre-hyperextension unit
(Figure 4 and 5b). This planar surface deepens to 6 s TWT of depth at the main depocentre of the Asturian Basin
(e.g., Figure 3c around SP. 1200) shallowing to 3-4 s TWT in the southernmost continental platform and to less
than 0.5 s TWT toward the Le Danois High (e.g., Figure 3b around SP. 100 and 1400 respectively).In the western
sector of the study area, where boreholes are very scarce, we map a planar top basement at the base of the
undifferentiated sedimentary infill. This surface is located at about 1 s TWT in the shelf break and shallows
progressively toward the south, reaching less than 0.3 s TWT (Figure 3a). This surface draws locally a low at
about 3 s (TWT) at the central part of the platform (Figure 3a). The top basement on the continental slope is
shallow, as suggested by the recovering of basement samples previously described on the northern slope of Le
Danois High [Boillot et al., 1979; Gallastegui et al., 2002]. The steepness, the abrupt change in water depths, and
the abundance of mass-wasting deposits hamper interpretation due to the resulting chaotic seismic character.
However, intra-basement reflections were distinguished (Figure 3 and 4). Beneath the abyssal plain, the top of the
seismic basement has been interpreted in previous studies as corresponding to the base of Upper Cretaceous pre-
orogenic deposits within the accretionary wedge [Fernandez-Viejo et al., 2011; Roca et al., 2011]. In the new
seismic dataset, we have identified a deeper folded and thrust top of the seismic basement in the central part of
the North Iberian margin (Figure 4) where the accretionary wedge is better developed [Fernandez-Viejo et al.,
2012]. This surface can be traced with confidence at about 9-10 s TWT in the frontal part of the thrust sheets
(Figure 5¢). In the western part of the North Iberian margin, the accretionary wedge is narrow and less developed
[AIvarez-Marrén et al., 1997; Fernandez-Viejo et al., 2012]. At these longitudes, the seismic fabric of the thin
sedimentary record sometimes displays similar patterns to those observed within the underlying basement (Figure
3a), making it difficult to define the boundary between the two units.

Finally, the Moho is the deepest horizon used, and it is not always conspicuous in the reflection
profiles. Its low amplitude in the central part of the margin [Alvarez-Marrén et al., 1996; ; Cadenas & Fernandez-
Viejo, 2017; Fernandez-Viejo et al., 2011; Pulgar et al., 1996] has been attributed to a reduced contrast in
velocities between the lower crust and the upper mantle [Fernandez-Viejo et al., 1998; Ruiz, 2007], probably due
to the serpentinization of uppermost mantle rocks now underthrust beneath the slope and the platform [Fernandez-
Viejo et al., 2012; Roca et al., 2011]. The grid developed from the integration of the published refraction models
defines a planar surface located at about 9.5 s TWT in the western North Iberian platform, deepening to 11s TWT
in the northern part of the seismic profiles (Figure 3a). In the central North Iberian margin, Moho isat 9.5s TWT
in the continental platform. It shallows to 8-9 s TWT beneath Le Danois High and deepens again along the

continental slope, reaching 12 s TWT at the northernmost part of the seismic profiles (Figure 3b and 5c).



4.2) Spatial variations of crustal and sediment thickness

Figures 8 and 9 show isopach maps of the residual crustal thickness (RCT) and sediment thickness
respectively. The observed trends depict the existence of distinctive domains resulting from different modes of

deformation within the two segments.

In the western segment of the North Iberian margin, RCT contours trend in a NW-SE direction. The
continental platform area corresponds to a domain of thicker RCT, with values decreasing from 28 km to 25 km
northeastwards. The < 1 km thick sedimentary cover interpreted to be present in this area, has a less well-defined
trend. Sediment thickness locally reaches a maximum value of about 7 km at the depocentre of the rift basin
(Figure 9). This basin overlies thinned RCT with values ranging from 21 km to 24 km. At the foot of the
continental slope, RCT is reduced to 12 km. This area of extreme crustal thinning is wide and trends in a NW-SE
direction. Within the abyssal plain, data are very sparse but the basement is less than 10 km thick and the

sedimentary cover less than 2 km thick.

In the central segment of the North Iberian margin, contour are irregular and short. RCT and sediment
isopachs run in a NW-SE direction in the southernmost continental platform, turning into an E-W direction in the
Asturian Basin, in the Le Danois High area and in the abyssal plain. In the landward part of the continental
platform, the RCT is more than 20 km and typical sediment thickness ranges from 6 to 8 km. RCT is reduced to
less than 15 km beneath the Asturian Basin, where sediments thicken to more than 9 km. At the main depocentre,
the basin sediments reach a maximum thickness of 13 km. This deep trough overlies a seismic basement less than
11 km thick. This domain of highly attenuated RCT and the overlying deep trough widen progressively
southeastwards. The RCT is thicker in the Le Danois High, varying between 20 km and 14 km from west to east.
Less than 1 km of sediments are found at the top of the high. RCT is strongly reduced from 20 km to 12 km along
the continental slope. In contrast to the western segment of the margin, the RCT thins over a short distance and
contours trend E-W direction in this central segment of the margin. Within the abyssal plain, RCT is reduced from
10 km to less than 4 km, with the smallest values at around 5° W (Figure 8), where sediment thickness reaches a

maximum value of about 10 km (Figure 9).

The transition between the western and the central segments of the margin regarding the RCT and the
sediment thicknesses, and the trends of their contours, occurs between 5°30°W and 6° W. This area strongly
modified by the Avilés canyon, shows ill-defined isopach patterns within the continental platform. RCT varies
between 15 km and 17 km and the sedimentary cover seems to thicken. However, sediment thickness is strongly
modified by the presence of slope and mass-wasting deposits.

4.3) Basin architecture, tectono-stratigraphic evolution and thickness variations of rift-related

deposits



The transition between each structural domain identified along the North Iberian margin reflects major
structural and stratigraphic variations. In some areas, major structures can be recognized. The architecture of each
domain reveals a tectonic evolution conditioned by strain partitioning in both extensional and compressional
settings. Of particular interest is the polyphase evolution of rifting, as shown by the age and the spatial distribution
of rift-related deposits. Thickness variations of syn-rift sequences reveal rift-related accommodation space
creation, indirectly suggesting variations in the amount of crustal thinning across the margin segments. Different
rift stages governed by particular deformation modes can therefore be recognized along the overall area. The
occurrence of two rift events and the polyphase evolution of rifting, including progressive stages governed by
different modes of deformation, complicates the tectono-stratigraphic analysis of the whole margin due to the
presence of diachronous seismic sequences. Thus, we refer to rift-related deposits related to the hyperextension
processes that governed the main rift event, having in mind that they may have different ages from west to east

across the margin (Figure 5).
4.3.1) The rift basin on the western North Iberian margin

The westernmost part of the continental platform, west of approximately 6°W, is characterized by the
presence of rift basins. A wide unnamed basin, reaching a maximum thickness of about 3 s TWT, equivalent to
about 7500 m, and a width of about 15 km, stands out (Figures 5a and 9). Two major high angle normal faults
(labelled as FT1 and FT2 in Figures 5a), limit the basin. Although some of the faults show a minor inversion, the
majority preserved their extension geometry (Figure 3a and 5a). The main known structure within this area
corresponds to the Cantabrian or Ventaniella Fault. This fault is almost vertical and poorly imaged in seismic
profiles offshore. Trend variations in the reflections can be used to map this structure (Figure 3a). The location

of this structure coincides with the area where the top basement deepens abruptly (Figure 3).

The basin and the presence of high-angle normal faults is interpreted as related to crustal stretching
processes that caused minor crustal thinning. This interpretation is coherent with the presence of an underlying

thick continental crust (Figure 3a).

The sedimentary infill of this basin (Figures 3a and 5a) includes a fan-shaped syn-tectonic unit with
onlap geometries that is overlain by a flat unit (Figure 5a). The two units are separated by an unconformity (Figure
5a). The only available borehole in this area, Galicia-B2, located southeast of the main depocentre of this basin
(Figure 6) drilled a Palaeozoic basement, ascribed to the Silurian-Devonian, at a depth of 1,490 m, covered by
108 m of azoic red siltstones, shales and sandstones, attributed from facies correlation to the Triassic or an older
age. The red beds are overlain by 1,056 m of an heterogeneous unit composed by an upper level of sandy
mudstones and sandstones, with claystones and siltstones, and limestones, containing foraminifera, algaes and

megafossils. Based on the presence of foraminiferal forms like Pseudocyclamina sp., Choffatella sp., Trocholina

sp., Tritaxia sp, and algaes like Mithocodium, these carbonates are dated as Lower Cretaceous, between the Aptian
and the Neocomian, in the palaeontological report provided with the well record. This report dated the sandy

limestones drilled at the sea bottom as Upper Cretaceous (Cenomanian), relying in the presence of foraminifera



like Orbitoling Globotruncana, Globigerina and Cuncolina ,which is also supported by the occurrence of

Classopollis, Cyathidites and Cicatricosisporites among the spores, and dinoflagellates like

Hystrichosphaeridium, Systematophora and_Oligosphaeridrium. The possibility of a younger age cannot be

completely excluded due to the rare occurrence of questionable Operculodinium and Tectatodinium in the

palynological samples and Globigerina among the foraminifera.

From seismic to well ties, we interpret the main seismo-stratigraphic units, keeping in mind that these units
would be much thicker in the main depocentre of the basin, where the sedimentary cover is about 7.5 km thick,
than in the area where the well was drilled, recovering 1489 m of sediments. We included the Triassic deposits
drilled in the well record into the fan-shaped unit identified within the seismic records that we interpret as a pre-
hyperextension unit (Figure 5a). . We cannot exclude the possibility of other younger Mesozoic deposits within
this sequence. The Lower Cretaceous sediments, including Aptian deposits, would be part of the flat unit that we

interpret as a post-hyperextension unit.

4.3.2) The hyperthinned Asturian Basin on the central North Iberian margin

The continental platform in the central North Iberian margin, east of 5°30"W, is occupied by the major
Asturian Basin (Figure 3b and c, Figure 4 and Figure 5b). The Asturian Basin is imaged as an E-W/ESE-WNW
asymmetric rift basin with a maximum sedimentary thickness of about 6 s TWT at its main depocentre (Figure 3b
and ¢ and Figure 5b), equivalent to about 13.5 km (Figure 4). We interpret this geometry as controlled by two main
normal faults that are now inverted (F1 and F2 in Figures 3b, 4 and 5b). The F1 extensional inverted fault appear
as the main structure that controlled the morphology of the main depocentre (Figure 9) and the thickness of the syn-
hyperextension unit (e.g., Figure 4). The F3, F4 and F5 faults could be related to the evolution of the northern part
of the basin and the Le Danois High (Figure 3b and 4).The compressional overprint was limited to partial inversion
and steepening of the extensional structures, the formation of a few minor reverse faults together with the
development of related growth anticlines affecting the sedimentary cover, and the squeezing of diapirs (Figure 4).
The sedimentary record has been divided into six seismic units according to the three main tectonic events
developed in the margin [e.g., Boillot et al., 1979; Derégnaucourt & Boillot, 1982] (Figure 5b). From top to bottom,
we distinguish: 1) the post-tectonic unit; 2) the syn-orogenic unit; 3) the pre-orogenic unit; 4) the post-
hyperextension unit; 5) the syn-hyperextension unit; and 6) the pre-hyperextension unit. Underlying these units, we
distinguish the seismic basement. The Upper Eocene to Lower Miocene syn-orogenic deposits are much thinner
than the rift-related deposits. Overlying the post-hyperextension and pre-orogenic units developed in the Asturian
Basin from the Aptian to the Albian and from the Late Cretaceous to the Palaeocene, respectively, syn-orogenic
sediments display onlap geometries toward the hinges and the limbs of the growth anticlines, thickening towards
the synclines (e.g., Figure 4, between SP. 700 and 1400). The main syn-orogenic depocentre, filled by more than
3200 m of syn-orogenic sediments, corresponds to the so-called Pefias Trough. This trough, located in the
southernmost part of the continental platform, developed in the footwall of the F1 inverted extensional fault
[Cadenas & Fernandez-Viejo, 2017; Gallastegui et al., 2002] (Figure 4, between SP. 0 and 500).



In the southernmost part of the continental platform, the acoustic basement is interpreted to image a
Palaeozoic basement overlain by Triassic sediments (Figure 5b). Borehole Mar Cantébrico-K1 reached a
Carboniferous Palaeozoic basement at 3103 m, overlain by 600 m of Triassic carbonates and claystones with
anhydrite (Figure 6). Therefore, we suggest that this area preserves the deposits related to the Permo-Triassic rift,
and was subsequently overprinted by the major Late Jurassic to Early Cretaceous rift..

The Early to Middle Jurassic pre-hyperextension seismo-stratigraphic unit (Figure 5b) includes Liassic
limestones, drilled in borehole Mar Cantébrico-K1 (Figure 6). The interpretation of a continuous pre-
hyperextension unit overlying the seismic basement define a stratigraphic contact between the sedimentary cover
and the underlying basement (Figure 5b). Nevertheless, in some profiles this unit cannot be recognized clearly so
the nature of the top of seismic basement remains uncertain in some places (Figure 3c).

The syn-hyperextension unit is attributed to image the Late Jurassic to the Aptian sediments. It is
interpreted in the seismic records as a thick wedge-shaped unit that reaches a maximum thickness of 4.1 s TWT
(Figure 3b) equivalent to more than 11 km (Figure 4) at the main depocentre of the Asturian Basin. Boreholes Mar
Cantabrico-K1 and Mar Cantabrico-M1 drilled 1790 m and 2837 m respectively, of siliciclastic sediments that we
attribute to an heterogeneous syn-hyperextension unit (Figure 6). The thick syn-hyperextension sedimentary unit
reflects a major event of creation of accommodation space in the Asturian Basin. Figure 7 displays a 3D view of
thickness variations of the main seismic units along the trace of nine representative boreholes. The syn-
hyperextension unit thickens toward the east and north (Figure 7). At the main depocentre of the Asturian Basin,
this unit is 2256 m thick in borehole Mar Cantébrico- H1X and 2500 m thick in borehole Asturias-D2 (Figure 6 and
7). Within the continental platform, boreholes record progressive eastward thickening of the Upper Jurassic to
Lower Cretaceous sediments identified as part as the syn-hyperextension unit. In the westernmost part, borehole
Asturias E-1 drilled 1391 m, while at the easternmost part, borehole Mar Cantabrico-M1 recovered 2244 m.

We interpret the Aptian to Albian sediments as part of the post-hyperextension unit within the Asturian
Basin (Figure 5b). Borehole Asturias-D2 drilled 900 m of Aptian to Albian deposits, borehole Mar Cantabrico H1X
drilled 1200 m, while borehole Aguila-1 recovered 2115 m (Figure 6 and 7). . The thickness of the Aptian-Albian
sediments that we interpret as post-hyperextension deposits suggests major creation of accommodation space

related to thermal subsidence of this basin.

The presence of such a thick basin on top of thinned continental crust, (Figure 3b and ¢ and Figure 4)
suggests an extreme crustal thinning. The thick Upper Jurassic to Lower Cretaceous syn-hyperextension unit
recorded major tectonic subsidence, supporting this thinning. Thus, the Asturian Basin can be considered as a
hyperthinned rift basin formed during a major rifting period spanning from the Late Jurassic to the Barremian.

This event overprinted the Permo-Triassic rift event.
4.3.3) The Le Danois basement block on the central North Iberian margin

The Le Danois High represents a continental block that is thicker than the adjacent basement blocks

to the north and to the south (Figures 3b ¢ and 8).The top basement with this block is tilted eastwards (Figures 3c



and 4). In the seismic profiles located between 5°W and 4°20"W, the top basement is interpreted at less than 1s
TWT (Figure 3b). Eastwards of 4°20"W, the top of the seismic basement is interpreted at about 3 s TWT (Figure
3c). This basement high separates the Asturian Basin from the abyssal basin (Figure 4). This block hosts a small
basin, bounded by the F3 and F4 faults (e.g., Figure 4). This basin widens towards the east (Figures 3 b, ¢, and 9).
Flooring this basin, we interpret an unconformity surface that locally truncates the underlying basement reflections
(e.g., Figure 3c around SP. 700, and Figure 4 between SP. 1600 and SP. 1800). The reflections at the bottom part
of the sedimentary cover onlap over this basal truncation (e.g., Figure 3b around SP. 1300). The origin of this
unconformity, whether it is exhumation and/or erosion, is difficult to discern because of the lack of borehole data
and the difficulty in correlating the stratigraphy of this area with the main depocentre of the Asturian Basin. The
small inner trough is interpreted to be separated from the Asturian Basin by the F2 inverted fault and its related
anticline, developed over a faulted horst structure (Figure 4). Reactivation and/or inversion of minor high angle
normal faults modified the original rift structure in the southern-most part of the block in its western side (Figure
3b and 4).

The sedimentary cover and, particularly, the syn-hyperextension unit thin dramatically toward the Le
Danois High (Figure 9). Based on the correlation of the seismic facies with those identified within the Asturian
Basin, we interpret the base of the post-hyperextension and the base of the syn-orogenic unit, which define a thin
and partially eroded post-hyperextension unit (Figure 3b and 4). This unit underlies an irregular syn-orogenic unit
and unconformably overlies a thin syn-hyperextension unit. The thickness of both units increases towards the east
(Figure 3b and c). The northern slope of the Le Danois High corresponds to the continental slope, and the wavy
shape of the reflections suggest the presence of sediments dominated by mass-wasting processes. (e.g., Figure 3b
between SP 1500 and SP 1800; Figure 3c, between SPs 300 and 100). We interpret some of the mass-wasting
deposits to be interbedded within syn-tectonic sequences Therefore, mass-wasting processes could be interpreted
as related to tectonic activity. At the toe of the slope, we recognized mass-wasting deposits overlain by recent flat
post-tectonic strata and interbedded within the syn-orogenic depostis, suggesting that the Alpine compression and

uplift triggered the mobilisation of these sediments (e.g., Figure 5c).
4.3.4) The accretionary wedge in the Bay of Biscay abyssal plain

The accretionary wedge is deeply buried within the abyssal plain beneath the post-tectonic flat-layered
unit (Figure 5c). This structure thickens and widens to the east, where more widely spaced north-verging thrust
structures are observed [Fernandez-Viejo et al., 2012]. Underlying a fan-shaped syn-orogenic unit, we interpret a
well-defined pre-orogenic/post-hyperextension unit, which unconformably overlies an undifferentiated Mesozoic
unit (Figure 5c¢). The strong segmentation of the margin structure and the lack of direct data preclude lateral
correlations and the definition of precise time constraints for these units. Alvarez-Marrén et al. [1997] and
Fernandez-Viejo [2011] interpreted a pre-orogenic unit, which they attributed to the Upper Cretaceous to
Palaeocene-Eocene, and a syn-orogenic unit, which they ascribed to the Middle Miocene to Lower Miocene. We

tentatively ascribed the undifferentiated Mesozoic unit that we identified underlying the pre-orogenic/post-



hyperextension unit to the Early Cretaceous and we relate this unit is related to the hyperextension processes.
The basement has been interpreted to transitional crust in the central part of the margin and oceanic crust in the
western part [Alvarez-Marron et al., 1996; Fernandez-Viejo et al., 1998]. In the central North Iberian margin, the
presence of an extremely thinned crustal domain and the proposed existence of an exhumed mantle domain [Roca

et al., 2011; Tugend et al., 2014] call for high degrees of crustal thinning and possibly even mantle exhumation.

e The northermost fault within the accretionary wedge corresponds to the Biscay Wedge Front
[Fernandez-Viejo et al., 2012]. This south dipping thrust trends in an E-W direction and limits the accretionary
wedge, marking the northern deformation front of the Pyrenean-Cantabrian range offshore. The southward limit
of the accretionary wedge at the backstop is not well-constrained. Within this area, the southernmost thrust, which
is recognized in reflection profiles by a change in the trend of reflectivity patterns (Figure 4) has been mapped at
the toe of the slope (Figure 8).(Figure 11).

5) Crustal thickness compilation over the Cantabrian Mountains

Figure 10 shows the depth of the crust-mantle boundary onshore and the extension of the crustal root
beneath the Cantabrian Mountains. The figure shows a western domain where crustal thickness varies between
27 and 30 km, and an eastern domain, where the crust is more than 40 km thick, corresponding to the crustal root.
The crustal root extends between 4°W and 6°W. It trends in a NW-SE/E-W direction in between and in a N-S
direction at the edges. Despite the low density of wide-angle seismic data on this area, we can tentatively suggest
that major variations in the shape and the extent of the crustal root and thus, the transition between the western

and the eastern crustal domains, occurs in the vicinity of the trace of the Ventaniella Fault (Figure 10).

6) Rift domains in the central and western North Iberian margin and in the western Cantabrian
Mountains: a new map

Following the analysis and the study of all the geological and geophysical data and the observations
outlined before, we propose a new rift domain map within the central and western North Iberian margin and within
the western Cantabrian Mountains (Figure 11).

The proximal domain includes most of the westernmost part of the continental shelf (Figure 11). A
shallow rift basin bound by high-angle syn-sedimentary faults developed on this area. Its outer limit, defined as
the location where the top of seismic basement deepens abruptly, runs parallel to the Cantabrian Fault offshore
that constitutes now the distal structural boundary of this domain. Onshore, this domain includes the western
crustal domain identified beneath the Cantabrian Mountains, where crustal thickness varies between 27 and 30

km.

The necking domain is irregular (Figure 11). In the western North Iberian margin, it is narrow and
trends in an NW-SE direction. Its distal limit is marked by the area in which the top basement deepens from 5 to
6 s TWT, marking a crustal thickness reduction of about 10 km (displayed in light purple in Figure 11) and the
southernmost thrust interpreted within the accretionary wedge. In the central part of the margin, the F1 inverted

fault constitutes the seaward limit of the NW-SE trending necking domain (Figure 11). In this area, the NW-SE



necking domain widens to 38-63 km, ending abruptly towards the hyperthinned domain. Onshore, we propose
that the necking domain includes the eastern thicker domain identified beneath the Cantabrian Mountains, where

the crust is more than 40 km thick.

The V-shaped hyperthinned domain. beneath the Asturian Basin is bound by the inverted normal
faults F1 to the south and F2 to the north (Figures 11). To the west, this domain ends abruptly at around 5°30"W
of longitude, where we suggest the presence of a N-S transfer zone (Pefias Transfer Zone in Cadenas, 2017). To

the east, the basin is limited by the Santander transfer zone [Roca et al., 2011] (Figure 11).

Within the abyssal plain, we map a former hyperextended domain that includes the hyperthinned and
the exhumed mantle domains undifferentiated and possibly evolves to a truly oceanic basement towards the west
(Figure 11). Part of these distal domains are interpreted to be now underthrust southward beneath the former
basement due to the reactivation of the margin [; Fernandez-Viejo et al., 2012; Roca et al., 2011; Tugend et al.,
2014]. The nature of the underthrust rift domains and their southern limit cannot be elucidated accurately. We
have mapped a maximum area of underthrust rift domains (Figure 11) that accounts for the extent of the
anomalous mantle velocities recognized in refraction studies [Fernandez-Viejo et al., 1998; Ruiz, 2007], that are
attributed to serpentinization processes [Fernandez-Viejo et al., 2012].

Finally, the oceanic domain corresponds to the area with unequivocal A34 magnetic anomalies [Sibuet
& Collette, 1991; Sibuet et al., 2004] (Figures 2a and 11) and where basaltic rocks were recovered at the

westernmost corner of the Bay of Biscay (Figure 2a).
7) Discussion and geodynamic implications

7.1) Implications of this new mapping for the structure of the Bay of Biscay rift
7.1.1) The rift basin within the proximal domain in the western North Iberian margin

The seismic data show a wide basin within the continental platform of the western segment
of the North Iberian margin. Although minor Mesozoic basins have been previously recognized in the
southernmost part of the continental platform [Ayarza et al., 1998; Boillot et al., 1973; Martinez-Catalan et al.,
1995], the presence of such a deep trough reaching 3 s TWT, or about 7.5 km at its main depocentre, has not been
described in previous studies. The origin and the evolution of this basin remains unclear mainly because of the
lack of direct data within the main depocentre that allow dating of the seismic units. We interpret that the
development of this basin dates back to the Permo-Triassic rifting period based on the nearest borehole. The
identification of a thick post-hyperextension unit reveals a long period of thermal subsidence during the evolution
of this trough that we interpret to have occurred at least from Aptian onwards.

7.1.2) The Asturian Basin: a new hyperthinned domain within the rift system

We identified the Asturian Basin as being underlain by a hyperthinned continental crust (Figures 3, 4
and 8). Even if the crust has been locally thickened during convergence at deep crustal levels, no more than 12

km thick crust is observed now beneath the main depocentre (Figure 4 and 8). Structures that can account for the



extreme crustal thinning have not been deduced yet within the Asturian Basin. We propose that the main fault
controlling crustal and sediment thickness variations within the Asturian Basin is the F1 normal inverted fault. As
suggested by Jammes et al. [2010] in the Parentis Basin, the main thinning structure in the Asturian Basin is
expected not to have seismic expression and could be, instead, related in depth with the major F1 normal fault.

Further studies are needed to constrain more accurately the limits of the Asturian Basin hyperextended
domain, especially towards the east, where the Santander Transfer Zone [Roca et al., 2011] links the Asturian
Basin, the Parentis Basin and the hyperextended abyssal plain areas offshore with the Basque-Cantabrian Basin

onshore (Figure 12).
7.1.3) The Le Danois High: a continental block or a thickened hyperextended domain?

The Le Danois High appears as a relatively thick basement block surrounded by hyperthinned domains
on its southern and northern sides (Figure 8). This acoustic basement block appears as a necked area less thinned
than the bounding hyperextended domains. The crustal block is limited southwards by the F2 normal fault. The
southernmost thrust interpreted within the accretionary wedge, and the area where the basement deepens, due to

a crustal thickness reduction of about 10 km (displayed in light purple in Figure 11), delineate its distal limit.

Samples of granulites reworked within Aptian and Albian breccias were recovered on the northern
slope of Le Danois High [Capdevila et al., 1980; Fugenschuh et al., 2003; Malod et al., 1982]. Fligenschuh et al.
[2003] reported cooling ages for three samples (Figure 8) using fission tracks on apatites. The two samples
dredged at the top of Le Danois High have cooling ages of 138 and 120 Ma respectively while the easternmost
sample yields an age of 52 Ma. These authors proposed that the first two samples were exhumed during the main
rifting phases, supporting the exhumation of lower crustal rocks during hyperextension, while the third was
subsequently reheated due to the Cenozoic underthrusting. The presence of lower crustal rocks at the top of a
basement high is an outstanding feature, which is still under debate. Two interpretations can be proposed to

explain the structure of the Le Danois High:

1) the Le Danois High might be underlain by north-verging thrusts [Boillot et al., 1979; Gallastegui et
al., 2002; Malod et al., 1982; Pedreira et al., 2015]; or 2) it might correspond to a basement block of less thinned
continental crust [Cadenas & Fernandez-Viejo, 2017]. In the first interpretation, Le Danois High was a highly
extended part of the margin prior to the reactivation. During the subsequent compressional reactivation, the
stacking of hyperextended crust would have led to the crustal thickening. This hypothesis would explain the
presence and the age of the granulites dredged at its northern slope. In this alternative second interpretation, the

Le Danois High would represent a remnant of a basement high inherited from the rifting processes.

We favour to interpret the Le Danois High as a continental block inherited from the rifting stage based
on the results of this study. The sedimentary infill of the small trough at the northern side of the Asturian Basin
displays onlap geometries (Figure 3b between SP 1200 and SP 1400). A thin syn-hyperextension unit has been

interpreted based on the wedge-shaped geometries identified within the depth migrated profile (Figure 4, between



SP 1500 and 1600). This geometry reveals the presence of an uplifted block to the north during hyperextension.
Even if this infill was a passive post-hyperextension unit, Le Danois would be a continental block of less extended
crust just prior to the compression. The presence of the Le Danois crustal block as an extensional relict, similar to
a continental ribbon [Lister, 1986; Péron-Pinvidic & Manatschal, 2010], can explain the strong segmentation and
the strain partitioning during both the extensional and the compressional events. Some structures (Figures 3b and
¢ and 4) suggest that the block may have undergone rotation during the compression phase and its original trend

might have been more oblique to the E-W trend of the margin.

7.1.4) The hyperextended domain within the Biscay abyssal plain

Within the abyssal plain, the distinction between the hyperthinned domain and/or the exhumed mantle
domain is difficult. The nature of the basement within this area remains debated [Roca et al., 2011; Pedreira et
al., 2015]. Velocities attributed to serpentinization related to mantle exhumation (Vp<8 km/s in Figures 3b and c,
4 and 11) [Fernandez-Viejo et al., 2012] have been identified beneath the continental platform and slope of the
North Iberian margin [Fernandez-Viejo et al., 1998; Ruiz, 2007]. Based on gravity inversion results, Tugend et al.
[2014] have interpreted that part of the basement of the abyssal plain might represent a former exhumed mantle
domain. This former exhumed mantle domain is likely better preserved at the northern Biscay margin [Thinon et
al., 2003; Tugend et al., 2014] and occurs as fossil remnants within the Pyrenean Basque-Cantabrian rift system
[Tugend et al., 2014]. However, the extent of the exhumed mantle domain has not been constrained accurately in
the North Iberian margin. To add complexity, within the distal domains, there is an E-W variation on the nature
of the basement. In the central part of the margin, the basement includes hyperextended domains [Roca et al.,
2011; Tugend et al., 2014]. In the west, however, an oceanic basement has been recognized on previous studies
[Alvarez-Marrén et al., 1997; Fernandez-Viejo et al., 1998]. Due to this uncertainty, we mapped an
undifferentiated hyperextended domain including extremely thinned continental crust and, possibly, areas of

exhumed mantle.
7.2) Segmentation and partitioning of deformation within the central and western North

Iberian margin
From this study, we can suggest that the Bay of Biscay rift was a complex and polyphase system. A
remnants rift basin related to a Permo-Triassic rift are suggested in the western North Iberian margin. This rift event
did not evolve into hyperextension. During the Late Jurassic to Early Cretaceous rift, hyperextension, exhumation,
and the development of the major rift basins occurred within the central and eastern parts of the Bay of Biscay rift
system (Figure 12). It was during this phase that the Asturian Basin developed fully in the central part of the North
Iberian margin. Therefore, crustal thinning and related syn-hyperextension Upper Jurassic to Lower Cretaceous
sediments overprinted the Permo-Triassic rift on this area . . In the Armorican Basin, an Aptian syn-hyperextension
unit has been recognized [Thinon et al., 2002; Tugend et al., 2015a]. A similar age could be proposed for the
undifferentiated Mesozoic seismo-stratigraphic unit identified within the Biscay abyssal plain that overlies an

extremely thinned continental crust (Figure 5c).



Thus, the central and western North Iberian margin preserves structures related to two polyphase
rift events. All the structural and the stratigraphic variations observed within the margin suggest the presence of a
N-S transfer zone which has not been described up to now, referred to as Pefias Transfer Zone in Cadenas [2017],
but which may be located between 6°W and 5°30"W (Figure 11). The presence of N-S to NNE-SSW trending
structures, such as the Santander or the Pamplona and Toulouse transfer zones (Figure 12), have been already
interpreted as a sign of rift segmentation within the Pyrenean-Cantabrian domain explaining the occurrence of
disconnected hyperextended basins [Larrasoafa et al., 2003;Tugend et al., 2014]. We suggest that the transition
from the hyperextended domain to the oceanic domain in the distal areas might occur within this transfer zone.

7.3) The role of rift inheritance on the compressional reactivation of the margin.

7.3.1) The hyperextended domains within the abyssal plain: the focus of the

compressional reactivation

We suggest that the hyperextended domains focused subsequent compressional deformation
[Tugend et al., 2014]. Lundin & Doré [2011] and Péron-Pinvidic et al. [2008] speculated that minor reactivation
along the North Atlantic margins typically localized in the exhumed mantle domain. In the North Iberian margin
offshore, especially within the central part of the margin, most of the compression was accommodated in distal
domains by underthrusting of part of the hyperextended domains beneath the margin and by the development of an
accretionary wedge. The accretionary wedge is wider and thicker in the central part of the margin; thrusts become
more widely spaced and accompanied by the development of out of sequence structures [Fernandez-Viejo et al.,
2012] (Figure 12). To the west, the wedge is narrow and thrust spacing is shorter [Alvarez-Marron et al., 1997;
Fernandez-Viejo et al., 2012]. Some changes of the dimensions of the accretionary wedge occurs within the
proposed transfer zone between 5°30 and 6°W of longitude. This variation could also reflect the different nature of

the underlying basement.

7.3.2) The buffering effect of the proximal domain: constraints imposed by the

rifted crust into the development of a crustal root

The crustal variations between the proximal and the necking domains seems to influence greatly
compressional reactivation. Offshore, this boundary runs parallel to the Cantabrian-Ventaniella Fault (Figure 11).
Onshore, the Ventaniella Fault seems to limit the crustal root towards the west (Figure 10). We speculate that the
disappearance of the root westwards of the Ventaniella Fault is directly related to the boundary with the proximal
domain, and hence, a more rigid crustal block where underthrusting of the previously rifted margin was no longer
possible. Therefore, we can suggest that the inherited rift architecture and in particular the necking domain might
have controlled the geometry of the crustal thickening beneath the Cantabrian Mountains.

The Ventaniella Fault includes segments with different kinematics that were active at different stages during the
evolution of the Iberian domain since the Permian. Thus, the segmentation and the strain localization complicate
the study of the polyphase evolution of this fault, interpreted as a post-Variscan structure with a subsequent

enigmatic activity during the Mesozoic extension and the Alpine compression [Boillot et al., 1971; Julivert et al.,



1971; Lepvrier & Martinez-Garcia, 1990]. Offshore, the Ventaniella Fault trends in a NW-SE direction and
separates a western seismically active crustal segment, from an eastern segment with less activity [Fernandez-Viejo
et al., 2014]. Onshore, this fault shows a NW-SE trend and has a seismically active segment in its southern limit.
Based on the structure and the architecture of the western North Iberian margin, the offshore trace of this fault now
coincides with the limit between the proximal and the necking domains interpreted in this study. Onshore, we
suggest that this fault delineates now the proximal-necking boundary, which acted as a rheological limit during the
first compressional events, conditioning the development of the crustal root beneath the Cantabrian Mountains.
With this interpretation, we propose that the Ventaniella Fault would be an Alpine reactivation of a NW-SE trending
rift structure active since the Permo-Triassic rift. Reactivation would have been favoured by the obliquity between
the fault trend and the N-S directed compression. Onshore, this fault shows a dextral strike-slip movement [Marcos,
1979], consistent with a N-S convergence [Pulgar et al., 1999]. Further studies are required to: 1) elucidate the
origin, the evolution and the activity of this structure during the rift events; 2) constrain the validity of its
interpretation offshore as a continuation of the onshore Ventaniella fault, corresponding to a single structure or,

perhaps more accurately, as a NW-SE fault system including different branches that where active at different times.

7.3.3) The buffering effect of the Le Danois High: the mild inversion of the Asturian
Basin
The mild inversion observed in the sedimentary cover of the Asturian Basin is related to the presence
of Le Danois crustal block bounding the basin to the north. This residual block of less thinned continental crust
preserved the inner basin from the compressional deformation. The underthrusting of the hyperextended crust
beneath the High and the development of an accretionary wedge at the toe of the slope accommodated most of the
compressional deformation, resulting in a passive uplifting and a slightly reactivation of the whole area. In contrast
to the Landes High, which acted as a regional buffer of compressional deformation [Ferrer et al., 2008], Le Danois
high acted as a local buttress hampering further inversion of the Asturian Basin. The link between these highs and
their role during the extension and the subsequent compressional reactivation need to be further assessed.

8) Conclusions

In this study, we define rift domains along the central and western North Iberian margin. The transition
between the different structural areas identified along the whole margin reflects major structural and stratigraphic
variations. The distribution and the extent of these structural elements helps to define the main rift domains
boundaries. We propose a new map showing the limits between proximal, necking, hyperthinned, hyperextended
and oceanic areas within the central and western North Iberian margin. One of the main findings of this work is the
definition of a hyperthinned domain in the continental platform of the central North Iberian margin and the

characterization of the Le Danois High as a less thinned crustal block inherited from the rift development.

We show that the mapping of rift domains is a useful tool to predict the initial locus of inversion within
rift systems. Such inversion has been studied previously in areas where reactivation was minor [Kimbell et al.,

2016; Thinon et al., 2001; Péron-Pinvidic et al., 2008].The distinctive compressional overprint observed along the



North Iberian margin makes this margin a remarkable setting to study the influence of rift structural inheritance on
the subsequent compression. Although it has been proposed before that some of the lateral changes observed along
the Pyrenean-Cantabrian orogen could be related to the initial rift structure [Fernandez-Viejo et al., 2012; Roca et
al., 2011] our work adds more insights into the role of rift inheritance on reactivation processes [Mohn et al., 2014;
Tugend et al., 2014]. We propose that indeed the former hyperextended and necking domain boundaries controlled
the location of reactivation along the whole margin, playing an important role in the development of the current

crustal architecture of the margin and of the Cantabrian Mountains. We draw the following conclusions:

1) The segmentation observed within the North Iberian margin results from a strong partitioning of
deformation and a progressive strain localization during rifting that conditioned the subsequent compressional
reactivation.

2) The hyperextended domain focused most of the compressional reactivation, which was mainly
accommodated at a crustal scale through the formation of an accretionary wedge and the underthrusting of the
hyperextended crust.

3) The necking area, and particularly the transition between the proximal and the necking domains,
delineated now by the Cantabrian or Ventaniella fault, buffered the compressional reactivation. A distinctive crustal
thickness gradient can be observed at both sides of this structure beneath the Cantabrian Mountains.

4) The presence of the semi-detached Le Danois continental block, analogous to a continental ribbon,
in between two hyperextended domains hampers compressional reactivation of the related Asturian Basin, acting

as local buttress.

The new rift domain map adds helpful clues to constrain restorations of the inverted margin, which
can clarify the evolution of the Bay of Biscay-Pyrenean rift system during the compressional reactivation.
Moreover, the mapping of rift domains is a powerful tool to unravel some of the features observed not only on the
margin but also along the onshore Cantabrian Mountains, where Mesozoic remnants are scarce. Thus, it is important
to consider that any further study in the central part of the inverted rift system must involve onshore and offshore

areas, as both are now part of the same compressional belt.

The study in a more global sense shows the importance of rift inheritance during the earlier stages of
compression or a margin reactivation, episodes that are normally erased through the evolution of an orogeny, but

that mark the future development and the structure of the collisional chain.
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FIGURE CAPTIONS

Figure 1. First-order architecture of a hyperextended magma-poor rifted margin; a) Idealized cross section showing
the main features of rift domains from continent to ocean, following the terminology proposed by Tugend et al.
[2015a]; b) Crustal structure, stratigraphic architecture, type of basement and major structures characterizing the
proximal, the necking and the hyperthinned domains (from Péron-Pinvidic et al. [2013].

Figure 2. Geological context of the studied zone; a) Location map of the studied area within the context of the Bay
of Biscay and the Pyrenean-Cantabrian orogen, displaying the distribution of the dataset used. Based on Alonso et
al. [1996], Fernandez-Viejo et al. [2012], Roca et al. [2011], Thinon et al. [2001] and Tugend et al. [2014]. The
white dashed rectangle delineates the studied zone. Magnetic anomalies are from Sibuet et al. [2004]. Mesozoic
basins: AB: Asturian Basin, BCB: Basque-Cantabrian Basin; PB: Parentis Basin, AMB: Armorican Basin.
Structures: STZ: Santander Transfer Zone. The black rectangle delineates the area displayed in detail in b; b)
Structure and distribution of the Mesozoic outcrops in the Cantabrian Mountains. After Cadenas & Fernandez-
Viejo [2018] and Pulgar et al. [1999].

Figure 3. Representative time migrated seismic reflection lines crossing the North Iberian margin at three different
longitudes, showing the seismic interpretation of the main structures, the first order interfaces and, on top, the
interpreted rift domains. A) CS01-108 seismic line at the westernmost area; B) CS01-133 section at the central part
of the margin C) CS01-142 seismic profile located in the easternmost part of the studied zone. The seismic Moho
and the presence of anomalous mantle velocities (V, < 8 km/s) have been estimated using the velocity models of
Ayarza et al. [1998], Fernandez-Viejo et al. [1998, 2012], and Ruiz [2007]. The inset map shows the location of the
reflections lines within the seismic dataset (red). The map also displays the Moho depth and the distribution of the
wide-angle profiles used to estimate its position. IAM-12 profile, displayed in pink, ESCIN-3.1, shown in green,
and ESCIN-4, delineated with a dashed black line, are from Fernandez-Viejo et al. [1998]; ESCIN-3.3, displayed
in black, is from Ayarza et al. [1998]; MARCONI profiles, shown in yellow (MARCONI-1 and MARCONI-6 from
west to east, and MARCONI-4 and MARCONI-8 from north to south) are from Ruiz [2007]. CF: Cantabrian fault
from Fernandez-Viejo et al. [2014]. F1 to F5 faults in the Asturian Basin from Cadenas & Fernandez-Viejo [2017].
The uninterpreted version of the three seismic profiles is provided as supplementary information (Figure S1).

Figure 4. CS01-132 depth migrated seismic reflection profile. The seismic line runs from the Cantabrian Platform
to the Biscay Abyssal Plain, crossing the central part of the Asturian Basin and the Le Danois High. The figure
shows the seismic interpretation of the main structures and the first-order interfaces, illustrating the crustal
architecture, and the interpreted rift domains on top. A column with the migration velocities is shown at the left,
with the depths of the main interpreted surfaces. SF: seafloor; TSB: top seismic basement; RF: refraction Moho.
The vertical line between SP 900 and 1000 shows the profile where the velocity column has been extracted. The
inset shows the location of the depth migrated profile and the wide-angle sections used to estimate the Moho depth.
ESCIN-4 from Fernandez-Viejo et al. [1998]; MARCONI-1 from Ruiz [2007].

Figure 5. Enlargements of three seismic profiles showing the stratigraphic architecture of the main structural areas
identified within the central and western North Iberian margin. Exaggerated vertical scale; a) Line CS01-107,
displaying the structure of the rift basin identified in the westernmost continental platform; b) Profile CS01-133,
showing the main structures and seismic sequences identified within the central part of the Asturian Basin; c) Line
CS01-132, in the central North Iberian margin, displaying the structure of the accretionary wedge developed in the
abyssal plain (modified from Cadenas & Fernandez-Viejo [2017]). Age of the pre-orogenic, the syn-orogenic and



the post-orogenic deposits from Alvarez-Marron et al. [1997] and Fernandez-Viejo et al. [2011]. The uninterpreted
version of the seismic profiles is provided as supporting information (Figure S2).

Figure 6. Lithologies, time constraints, and tectono-stratigraphic correlations along four representative boreholes
drilled within the platform around the studied zone. The definition of the tectono-stratigraphic units has been
developed using seismic to well ties from which we assigned ages to the interpreted seismic units. Borehole Galicia-
B2, representative of the proximal domain, Mar Cantabrico K1, representative of the necking area, and Mar
Cantabrico H1X and Mar Cantdbrico M1 showing the thick sequences from the hyperthinned domain; Mi:
Miocene; Ol: Oligocene; Eo: Eocene; Pal: Paleocene; Ce: Cenomanian; Al: Albian; Ap: Aptian; Ba: Barremian;
Ht: Hauterivian; Va: Valanginian; Be: Berrasian; Ki: Kimmeridgian; Neoco: Neocomian; Pu: Purberk; Li: Lias;
Ra: Raethian; He: Hettangian; Ke: Keuper; Mu: Muschelkalk; Ca: Carboniferous; Tr: Triassic; Pa: Palaeozoic.

Figure 7. 3D view of nine representative boreholes drilled in the Asturian Basin showing thickness variations of
the main tectono-stratigraphic units along the whole area. The original stratigraphic information has been taken
from the well reports. See Cadenas & Fernandez-Viejo [2017], Gutiérrez-Claverol & Gallastegui [2002] and
Lanaja [2007] for stratigraphic columns. We defined the main seismo-stratigraphic units displayed along the
boreholes based on seismic to well ties. This figure is provided on a larger scale as supporting information (Figure
S3).

Figure 8. Crustal thickness and main faults in the central and western North Iberian margin. a) Map of isolines
resulting from subtracting the sediment thickness from the actual crustal thickness, based on the depth converted
first-order interfaces interpreted in this study (Residual Crustal Thickness, RCT). F1, F2, F3 and F4 faults from
Cadenas & Fernandez-Viejo [2017]. Offshore trace of the Ventaniella fault from Fernandez-Viejo et al. [2014].
Yellow points represent locations where granulites have been recovered (Capdevila et al. [1980]; Fligenschuh et
al. [2003]; Malod et al. [1982]). The map shows the location of the sections displayed in b and c. b) Section
illustrating crustal thickness variations in the western North Iberian margin along the CS01-107 seismic profile; c)
Section showing crustal thickness variations in the central North Iberian margin along the CS01-132 seismic line;
d) Rift domains boundaries superimposed on the Residual Crustal Thickness map. The RCT map shows more
clearly, once the sediments are subtracted, the boundaries of the rift domains, bearing in mind that in some areas,
the crust has been thickened during the Alpine compression.

Figure 9. Sediment thickness within the central and western North Iberian margin; a) Map of isolines showing
thickness variations of the sedimentary cover, based on the depth converted first-order interfaces interpreted in this
study. The map shows the location of the sections displayed in figure b and c; b) Section illustrating sediment
thickness variations in the western North Iberian margin along the CS01-107 seismic profile; ¢) Section showing
sediment thickness variations in the central North Iberian margin along the CS01-132 seismic line.

Figure 10. Isopachs map of the crust-mantle boundary onshore showing the Moho depth along the Cantabrian
Mountains based on published refraction/wide angle reflection profiles. The dots reflect the segments of the profiles
where good control by PmP /Pn phases was achieved in the refraction models. We used these segments to map the
crust-mantle boundary displayed in the figure. The inset shows the distribution of the velocity models from which
the Moho was gridded and contoured. Galicia survey lines delineated with dashed black lines from Cérdoba et al.
[1987] and Tellez [1993]; ESCIN-3.1 and ESCIN-4 profiles, IAM-12 section, and Profiles 1-5 are from Fernandez-
Viejo et al. [1998, 2000]; Profiles 1 and 6 from Pedreira et al. [2003]; and MARCONI-1 section from Ruiz [2007].
CMF: Cantabrian Mountains Front from Alonso et al. [1996]. SPF: South Pyrenean Front.

Figure 11. Detailed map of the rift domains in the inverted hyperextended North Iberian margin and in the western
Cantabrian Mountains, after this study. CMF: Cantabrian Mountains Front (from Alonso et al. [1996]); BWF:
Biscay Wedge Front (from Fernandez-Viejo et al. [2012]). Offshore trace of Ventaniella fault from Fernandez-
Viejo et al. [2014]. STZ: Santander Transfer zone from Roca et al. [2011].



Figure 12. Rift domains map of the complete Bay of Biscay-Pyrenean system including the results of this work.
Rift domains in the Basque-Pyrenean rift system and in the northern Biscay margin from Tugend et al. [2014,
2015b]. Oceanic magnetic anomalies and abbreviations are as in Figure 2. The dashed red square represents the
area redefined in this study, which is displayed in detail in Figure 11. ]. Peflas TZ: Pefias Transfer Zone, after
Cadenas [2017]. Santander TZ: Santander Transfer Zone from Roca et al. [2011. Mesozoic basins within the Bay
of Biscay rift: AB: Asturian Basin; AMB: Armorican Basin; PB: Parentis Basin. CMF: Cantabrian Mountains
Front; BWF: Biscay Wedge Front: Biscay Wedge Front; NPF: North Pyrenean Front; SPF: South Pyrenean Front.
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Contents of this file

Figures S1,S2 and S3
Tables ST and S2

Introduction

This supporting file provides the uninterpreted version of the 2D seismic reflection
profiles displayed in figures 3 (Figure S1) and 5 (Figure S2). As enquired by both reviewers,
we provided the original seismic profiles. These profiles belong to the 2D CS01 reflection
dataset, which was acquired by TGS-Nopec in 2001. Table S1 summarizes the acquisition
parameters and Table S2 provides the processing parameters. We purchased the data
through the ATH (http:// geoportal.minetur.gob.es/ATHvz/) as time migrated stacks. In
this supporting file, we include as well an enlargement of figure 7 (Figure S3).
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Figure S1. Representative time migrated seismic reflection profiles crossing the North Iberian margin at three different longitudes. A) CS01-108
seismic line at the westernmost area; B) CS01-133 section at the central part of the margin; C) CS01-142 seismic line located in the easternmost
part of the studied zone. The inset shows the location of the reflection profiles within the seismic dataset.






Figure S2. Enlargements of three seismic reflection profiles showing the tectono-stratigraphic architecture of the main structural areas
identified in the central and western North Iberian margin. Exaggerated vertical scale. A) Line CS01-107, displaying the structure of the rift basin
identified in the westernmost continental platform; B) Profile CS01-133, showing the structure of the Asturian Basin in the continental platform
of the central North Iberian margin; C) Profile CS01-132, in the central North Iberian margin, showing the structure of the accretionary wedge

developed in the abyssal plain.
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Figure $3. 3D view of nine representative boreholes drilled in the Asturian Basin showing thickness variations of the main tectono-stratigraphic
units along the whole area. The original stratigraphic information has been taken from the well reports. See Lanaja (1987), Gutiérrez-Claverol



& Gallastegui (2002) and Cadenas & Fernandez-Viejo (2017) for stratigraphic columns. We defined the main seismo-stratigraphic units
displayed along the boreholes based on seismic to well ties.



Acquisiton parameters
Acquisition date September-October 2001
Vessel M/V Nanhai 502
Survey lenght 4080 km
Number of lines 43
Recording instrument | Syntrak 480 MRS
Source type Sleeve gun
Source volume 3680 Cu.in.
Gun depth 7m
Shotpoint Interval 375m
Group interval 25m
Recording channles 240
Streamer depth 9m
Streamer length 6000 m
Record length 12s
Sample interval 2ms
Nominal fold 80

Table S1. Acquisition parameters of the CS01 seismic reflection profiles (TGS-Nopec,
Acquisition report).



Input, Seg-D to Promax internal format.

Timing correction, -128 ms applied.

Filter, Zero-phase Butterworth 3-90 HZ: 18-72 dB/oct.

Resample to 4 ms, trace drop and 2D marine geometry assignment.

Datum statics, Correction to MLS.

Trace Edit and spike editor.

Minimum phase conversion, using far field source signature.

Amplitude recovery, 10dB/sec WB to 4000 ms.

Shot domain mix. 0,1.0.3,1, 0.3, 0.1, trace weighted mixing with NMO wrap.

Radon filter, NMO (1480 m/s) parabolic radon transform, modelled multiple between 300-500
ms.

NMO, Using 3 km velocity field.

Filter. Butterworth 4.2-90 HZ. 18-72dB/oct.

CDP mix, 0.7, 1,0.7 trace weighted mix with AGC wrap.

Wiener Levinson filter, Offset planes, 10-tr-pt, full application at WB+2000m, 600 ms taper.
Dip moveout correction, F-K common offset DMO 50m offset bins.

Stolt F-K migration, Smother 3 km velocities clipped at 7000 m/s.

Inverse normal move out correction, Using 3 km velocity field.

NMO analysis, Every 1.5 km.

Radon filter, Parabolic radon transform, modelled multiple muted between 100-1000 ms
moveoult.

Deconvolution, 3 gates, operators 120, 160, 240, gaps 24, 36 48, 11 tr average.

Remove amplitude recovery 10dB7sec WB to 4000 ms.

NMO correction, Using 1.5 km velocity field.

Amplitude recovery, scaling, offset weighting, 1/tv2 time term pre-NMO, Agc 1000ms
scalars.

Muting and CDP mean stack with gain, SQRT recovery scaling applied.

Inverse Stolt F-K migration, Velocities as forward migration.

Kirchhoff Migration, Time: vel% 0 ms 100% 4000 ms.

Spectral shaping, time variant filtering, time variant scaling.

Deliverable time migration.




Table S2. Processing parameters of the CS01 seismic reflection profiles (TGS-Nopec,
Acquisition report).






