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ARTICLE INFO ABSTRACT

A new high-resolution bathymetric map combined with a regional Digital Elevation Model (DEM) analysis reveal
the modalities of occurrence and emplacement of post-spreading magmatism along the NNE-SSW oriented,
1000 km long Tore-Madeira Rise (TMR) as well as its relationship with the activity of major fault systems
including the Estremadura Fault System (ESF) and the Azores-Gibraltar Fracture Zone (AGFZ). Morphological
and structural analysis of the bathymetric map were performed to map volcanic features such as eruptive cones,
vents and fissures together with faults along the TMR. The new bathymetric map shows that the main NNW-SSE
seamount alignment is formed by three structurally distinct volcanic massifs, the Tore, the Josephine and the
Southern Volcanic Groups. The majority of the volcanoes of each group emplaced within or along specific
portion of pre-existing faults (ESF and AGFZ) including splay fault, releasing bend, fault tips and interaction
zones between different segments. Magmas were channelled into sub-vertical pre-existing lithospheric faults that
acted as preferential pathways for the vertical magma ascent. Migration and final eruption of magma are con-
trolled by the local stress variation induced by complex fault geometries, change in plate kinematics as well as
strong shear zone anisotropy as suggested by the emplacement within localised areas of transtension. We con-
clude that post-spreading magma emplacement in the southern part of the Iberia margin was related to the
development of a transtensional plate boundary between the Iberian and African Plate during the Late
Cretaceous. More generally, our findings emphasize that the distribution of volcanism as the expression of the
interaction between shallow plate tectonic and mantle processes should be included in plate kinematic re-
construction. This study also demonstrates that the accurate mapping of oceanic seafloor is pivotal to better
understand tectono-magmatic evolution of volcanic seamount chains and geological processes in oceanic do-
mains.
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1. Introduction

In oceanic basins in the vicinity of continents, extensive intraplate
volcanism emplaces after oceanic spreading within pre-existing crust
that undergone multiple phase of deformation. Hence, lithospheric
discontinuities are likely able to control the spatial distribution of in-
traplate volcanism and possibly its timing. However, the role of the
plate architecture and the influence of lithospheric structures on
magma ascent and localisation of volcanic eruptions in oceanic basins
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still remain unclear (e.g. Natland and Winterer, 2005). Plate extension,
lithospheric cracking resulted in the development of either linear,
sometimes age-progressive volcanic trails or scattered, polygenic and
polyphased magmatism along pre-existing or potentially new fractures
that have been reported in many oceanic basins (Davis et al., 2002;
O'Connor and Jokat, 2015; Song et al., 2017). On the other hand,
several studies also argue that magma may enhance localisation of
strain and influence plate boundaries (Calais et al., 2008; Trippanera
et al., 2014).
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Fig. 1. Bathymetric maps of the Iberia-
Morocco margin within the southern North
Atlantic and northern Central Atlantic
showing the recent to present-day config-
uration of the plate boundary between the
Iberia and NW Africa plates. Red dashed
lines represent the Tore-Madeira Rise vol-
canic fields. AGFZ: Azores-Gibraltar
Fracture Zone, IAP: Iberia Abyssal Plain,
TAP: Tagus Abyssal Plain, SAP: Seine
Abyssal Plain, MAR: Mid-Atlantic Ridge.
MPF: Messejana-Plasencia Fault; NF: Nazaré
Fault. Active volcanoes are represented in
red triangles. Coloured dots: Magnetic
anomalies extracted from Seton et al
(2014). Thick white lines: major fractures
zone from Matthews et al. (2011). White
lines represent major inherited structures
from the Late Cretaceous (modified from
Alves and Abreu Cunha, 2018 and Ballevre
et al., 2014). Crustal rift domain boundaries
modified from Afilhado et al. (2008);
Nirrengarten et al. (2017); Pereira et al.
(2016); Ramos et al. (2017); Sallarés et al.
(2013). Location of Fig. 2 is represented by
the black rectangle. Projection latitude/
longitude coordinates according to the

WGS84 system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The Tore-Madeira Rise (TMR), a roughly NNE-SSW trending sea-
mounts chain (Fig. 1), represents one of the most significant magmatic
features that emplaced along the Iberia-Morocco margin in the northern
central Atlantic Ocean from the Late Cretaceous to recent times (Merle
et al., 2009, 2018). The Early Mesozoic continental rifting affecting the
Pangea supercontinent resulted in margin segmentation, formation of
transfer faults and new basement at distal margin. Such lithospheric
heterogeneities are likely to control magma pathways and volcanic
eruptions by several factors including rock anisotropy, fault geometry,
differential stress and thermal regime (e.g. Tibaldi, 2015). Although
many authors have suggested the involvement of the lithospheric dis-
continuities to explain the location of the magmatic occurrences on
TMR (Geldmacher et al., 2006; Merle et al., 2006), the morphology of
TMR seamounts together with fault geometry were never investigated
despite this might provide key evidences on the origin and formation of
TMR.

The determination of tectonic models and our understanding of
tectono-magmatic processes are critically dependent on accurate map-
ping of the ocean-floor structures. Global DEM datasets with an in-
creasing accuracy and spatial resolution are now publicly available
which allows better quantitative surface analysis at the regional-scale.
However, morphology of volcanoes, eruptive fissures and faults geo-
metry can only be detected with higher resolution data (e.g. 20-100 m
spatial resolution). The new TOREMADERE bathymetry data were,
thus, acquired to give a higher-resolution image of the seafloor struc-
tures. This paper presents the first detailed map of the topography and
major morpho-tectonic structures of the TMR seamounts with the aim
of deciphering the structural control on TMR formation and bring new
constrains on its origin as well as on post-spreading deformation of the
Iberia-Morocco.

2. Geological setting
2.1. The western Iberia and north-west Morocco margin

The West Iberia and the NW Morocco margins belong respectively
to the northern Central Atlantic and southern North Atlantic Oceans
which are separated by the Azores-Gibraltar Fracture Zone (AGFZ;
Fig. 1). These margins formed during several phases of continental
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rifting affecting Pangea from the Late Triassic until the Late Cretaceous
(e.g. Tucholke et al., 2007; Péron-Pinvidic and Manatschal, 2009;
Schettino and Turco, 2009; Frizon De Lamotte et al., 2015). Rifting
events culminated in final continental break-up, mantle exhumation,
initiation of oceanic seafloor spreading and subsequently to the se-
paration of the Iberia, NW Africa and North America plates (Fig. 1)
from the Late Jurassic-Early Cretaceous (Féraud et al., 1988; Boillot
et al., 1989; Srivastava et al., 2000; Sahabi et al., 2004; Tucholke et al.,
2007; Schettino and Turco, 2009; Bronner et al., 2011; Kneller et al.,
2012; Nirrengarten et al., 2018).

Despite mantle exhumation is constrained around 143-122 Ma (e.g.
Féraud et al., 1988; Schirer et al., 2000), formation of the first oceanic
crust in this area is highly debated possibly between 125 and 112 Ma,
depending on the J- magnetic anomaly interpretation (Fig. 2). Although
successively interpreted as related to an oceanic magnetic anomaly
(Srivastava et al., 2000), or to the transition between exhumed mantle
and oceanic crust (Bronner et al., 2011), the origin of the J magnetic
anomaly has been recently attributed to a thickened crust or basement
high related to syn- and post-spreading (i.e. TMR) magmatic under-
plating (Bronner et al., 2011; Nirrengarten et al., 2017). The southern
continuation of the J magnetic anomaly, south of the AGFZ corre-
sponds, however, to the MO isochron of the mid-Atlantic ridge (Klitgord
and Schouten, 1986).

Mid-ocean ridge activity started during the Late Jurassic-Early
Cretaceous along the SW Iberia margin and migrated northward with
the final break-up on the NW Iberia-Newfoundland margin at Albian-
Aptian time (Fig. 2; Tucholke et al., 2007; Bronner et al., 2011;
Nirrengarten et al., 2018;). Spreading was directed NE-SW during the
Late Jurassic-Early Cretaceous and change direction toward an E-W axis
in relation to the clockwise rotation of Iberia and the opening of the
central segment of the North Atlantic (e.g. Vissers and Meijer, 2012;
Barnett-Moore et al., 2016; Nirrengarten et al., 2018). In the meantime,
left-lateral oblique plate motion along the South Iberia margin resulted
in segmented oceanic spreading during the Late Jurassic connecting the
Atlantic Ocean (i.e. AGFZ; Féraud et al., 1977) to the Alpine Tethys
(Martinez-Loriente et al., 2014; Ramos et al., 2017; Sallarés et al., 2011,
2013).

During the three main periods of rifting from the Late Triassic to the
late Early Cretaceous, basin geometry was controlled by major E-W and
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Fig. 2. Bathymetric map of the Tore-Madeire Rise from the compiled EMODnet bathymetric grid including the Toremadere HR bathymetric data and satellite derived
GEBCO data. These map shows the main volcanic edifices (red triangles) of the Tore-Madeira Rise and surroundings seamounts (Black triangles). Amp: Ampere, A:
Asthon, D: Dragon, FdF: Foz da Fonte, G: Godzilla, GC: Gago Coutinho, Is: Isabelle, J: Josephine, JS: Jo Sister, M: Madeira, Mon: Serra de Monchique, O: Ormonde, PS:
Porto Santo, R: Ribamar, S: Seine, Sin: Sintra, Si: Sines, SB: Sponge Bob, T: Torillon, TC: Tore Central, TE: Tore East, TN: Tore North, TNW: Tore North-West, TS: Tore
South, U: Unicorn. White-black dashed line: location of the positive J- magnetic anomaly (Bronner et al., 2011; Nirrengarten et al., 2017). Bathymetric contours
(200 m) are derived from the EMODnet DEM described in this study. Box: Position of the TOREMADERE HR multibeam bathymetric survey (coloured) on the
EMODNet bathymetric map. For references on magnetic anomaly, crustal domain boundaries and inherited faults, see Fig. 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

NE-SW transfer faults including the Nazaré Fault Zone and the
Messejana-Plasencia Fault Zone (Fig. 1) which correspond to pre-ex-
isting crustal structures formed during the Late Variscan Orogeny
(Pereira and Alves, 2012; Ramos et al., 2017). Rift migration resulted in
along-axis crustal segmentation and development of several sub-basins
bounded by NNW-SSE to N-S major faults with distinct tectonic and
subsidence evolution along the West Iberia margin (Alves et al., 2009;
Pereira and Alves, 2011; Fig. 1). During the Cenozoic to present-day,
the Iberia margin experienced widespread inversion due to the north-
ward convergence of Africa (Vergés et al., 2002). Although well defined
in the proximal domain of the margin (i.e. the Estremadura Fault
System: EFS; Fig. 1; Fig. 2), the western continuity of these faults at the
transition between the distal continental and oceanic domains are,
however, less clear due to recent reactivation along these structures
(Pereira et al., 2016).

2.2. The TMR and surrounding seamounts

TMR is defined as a NNE-SSW aligned seamounts chain, located
along the margins of Portugal and Morrocco and straddling the AGFZ
without visible offset (Fig. 2). It extends over 1000 km, between the
Tore seamounts and Madeira Archipelago, which forms the southern-
most complex of the TMR. The main trend is formed by, from north to
south, Tore Volcanic Field, Sponge Bob (SB), Ashton (A), Gago Cou-
tinho (GC), Josephine (J), Jo Sister (JS), Lion (L), Dragon (D) and
Godzilla (G, Fig. 2). The westernmost seamount of the Tore Volcanic
Field is Torillon lying at around 100 km on the WSW of Tore. Note that
a group of three seamounts (Isabelle, Unicorn and Seine) is located
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slightly on the east of the main alignment. This general NNE-SSW trend
is parallel to the high amplitude curvilinear J-magnetic anomaly ex-
tending from the Galicia margin to the Madeira archipelago (Fig. 2).

The magmatism on TMR is dated between 103Ma to 0.5Ma
(Geldmacher et al., 2000, 2006; Merle et al., 2006, 2009, 2018) re-
presented by Oceanic Island Basalt (OIB)-like alkaline lavas ranging in
term of petrological types from basalts to trachytes. The TMR mag-
matism has been interpreted as (1) the first activity of the mid-Atlantic
ridge (Tucholke and Ludwig, 1982; Peirce and Barton, 1991); (2) an
accretion-related off-axis magmatic activity (Jagoutz et al., 2007); (3)
the 450 km-wide Madeira hot-spot track imprint on the Iberia plate that
is based on the apparent decreasing age along a track spanning from
Serra de Monchique to Madeira archipelago through Seine, Unicorn,
Ampere and Ormonde (Geldmacher et al., 2000, 2001; D'Oriano et al.,
2010); (4) the result of the combined effects of the Canary hot-spot
during Cretaceous times forming the basement of the rise which was
capped by late Tertiary to recent volcanics related to the Madeira hot-
spot (Geldmacher et al., 2000, 2006; D'Oriano et al., 2010); or (5) a
large thermal anomaly located beneath the lithosphere and emitting
magma pulses, the geographical and timing of the magmatic occur-
rences being the consequence of the interaction between these magma
pulses and the complex motions of the Iberia plate controlled by the
Pyrenees Orogeny (Merle et al., 2009, 2018).
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Summary of the main morphology characteristics of the TMR volcanoes. Ages of volcanic edifices are quoted from Féraud et al. (1981, 1982, 1986), Bernard-Griffiths
et al. (1997), D'Oriano et al. (2010), Geldmacher et al. (2000, 2005, 2006, 2008), Grange et al. (2010), Merle et al. (2006, 2009) and Miranda et al. (2009). See text

for details.

TMR Volcanoes (N to S) Summit elevation Seafloor depth Seamount height Major-axis length Minor-axis length Ellipticity (Lma/ Age (Ma)
(m msl) (m msl) (m) (Lma - km) (Lma-km) Lma)

Tore NW TNW  —2600 —5300 2700 35.70 22.60 0.63 80

Tore N - west TN —2800 —5300 2500 34.38 23.39 0.68 -

Tore N - east TN —3200 —5100 1900 27.22 18.94 0.70 88

Tore E - VE1 TE —2500 —3900 1400 13.60 9.80 0.72 88

Tore E - VE2 —3600 —4700 1100 11.70 9.99 0.85 -

Tore E - VE3 —3600 —4600 1000 17.80 10.30 0.58 -

Tore E - VE4 —3900 —4900 1000 11.04 9.03 0.82 -

Tore C TC —3400 —5000 1600 11.49 5.50 0.48 -

Sponge Bob SB —3200 —4600 1400 19.46 10.88 0.56 103

Asthon A —1500 —3800 2300 24.88 21.43 0.86 99-96

Asthon Ridge AR —3500 —4300 800 13.50 4.48 0.33 -

Gago-Coutinho GC1  —1300 —4600 3300 38.44 28.09 0.73 96-92

Gago-Coutinho GC2  —1400 —3600 2200 24.73 17.68 0.71 -

Gago-Coutinho GC3  —1400 —4100 2700 8.10 4.62 0.57 -

Josephine J —300 —4000 3700 65.80 21.87 0.33 16-12 8-0.5

Josephine - VE1 —800 -1700 900 16.28 10.15 0.62 -

Josephine - VE2 —800 —2500 1700 23.02 16.73 0.73 -

Jo Sister JS —1000 —3300 2300 26.84 20.44 0.76 88-86.5

Lion L -600 —2800 2200 65.53 16.97 0.26 -

Isabelle Is —1800 —4200 2400 53.61 28.49 0.53 > 85

Unicorn U —800 —4200 3400 70.30 26.63 0.38 28

Dragon D —1300 —2600 1300 40.24 18.93 0.47 1.0-4.0

3. Data and methods
3.1. Database

Between September and October 2001, a total of 95000 km? of High
Resolution (HR) swath bathymetry were acquired during the TOREM-
ADERE survey (see details on http://dx.doi.org/10.17600/1010110)
aboard the Atalante R/O vessel, using a SIMRAD DUAL EM12 swath
Multibeam Echo sounder system. This survey provided a high-resolu-
tion bathymetry map of the Tore Seamount Complex and several sea-
mounts of the TMR which were identified as volcanic edifices (Fig. 2).
The vertical resolution of the SIMRAD instrument is estimated at ap-
proximately 10-20 m with a maximum of 50 m at 4000-5000 m depth
representing an error of 1%. Raw data from the survey were first pro-
cessed using the GENAVIR on-board processing software to perform
geometric correction due to refracted sound waves. The processed data
were exported as an ASCII XYZ point file. Bathymetry was then con-
verted into a 100 m spatial resolution grid by nearest-neighbour inter-
polation and imported into QGIS3.0 for spatial analyses.

The latest EMODnet bathymetry (Marine Information Service,
2016) for the studied area was downloaded from the EMODnet
Bathymetry portal (http://www.emodnet-bathymetry.eu).  This
EMODnet grid combines a number of different data sources such as
High-Resolution single and multiple beam bathymetric surveys in-
cluding the bathymetric survey of the TOREMADERE cruise as well as
composite DTMs produced by external providers (e.g. International
Hydrographic Organisation). To obtain a complete coverage of the area,
gaps and voids were filled by the GEBCO 2014 30” gridded data
(Fig. 2). The EMODnet bathymetric grid has a pixel size of 1/8-min arc
(for further details and explanation on gridding procedures, we refer to
the EMODnet portal). Features mapped have a minimum spatial re-
solution of ~230m at the latitude of the area of interest. Elevation
contour lines were generated with the elevation interval chosen de-
pending on the DEM resolution. The interval should be approximately
half the pixel size (e.g., a ~100 m contour interval for the 230 m spatial
resolution EMODnet DTM).
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3.2. Volcanic edifice morphology and structural analyses

To better understand the structural control on the morphology of
volcanoes along the TMR as well as its relationship with magma
pathways in its ascent, we analysed volcanic alignment combining with
mapping of faults. First, we quantified the morphometric parameters of
volcanic edifices, vents and eruptive fissures as well as lineaments on
the HR TOREMADERE bathymetry and derived slope distribution maps.
Eruptive fissures have been identified or inferred from the alignment of
closely spaced vents, breaching direction or crater elongation if pre-
served (Tibaldi, 1995; Fig. 4). We assume that vents alignments form
relatively straight lines along fissures and vents are subparallel to the
overall trace alignment and the subsurface feeder dykes (Tibaldi, 1995).
The EMODnet bathymetric grid was then used to characterise the
geometry of the volcanic and tectonic structures at a regional-scale.
Given that the spatial resolution of the EMODnet grid is approximately
230 m, we selected the features that have a horizontal length equal or
superior to ~250 m which is below the documented average spacing
between vents following Applegate (2003) recommendations.

Volcanic vents were identified from bathymetric maps either raster
images or contour intervals each of which has intrinsic limitations.
Indeed, ambiguity and in turn uncertainties exist in the identification of
such features in areas affected by destruction processes such as sub-
marine landslides. Similar contour geometries can be related to either
gravitational processes or represent the location of a vent. We thus
mapped volcanic vents that are morphologically recognisable. The
alignments of three or more vents forming part of the same volcanic
edifice or one volcanic cone characterised by an elliptical shape were
used to identify eruptive fissures. All these morphological information
of each studied volcano were obtained using QGIS3.0 and are sum-
marised in Table 1 including a reference list for the age of the volca-
noes. Stereograms of eruptive fissures and faults were drawn for each
area.

4. Description of TMR submarine volcanoes morphology and
structure

The EMODnet bathymetric map (Fig. 2) shows clearly that TMR
seamounts can be grouped into three massifs: the northernmost Tore
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Seamounts Group, the Joséphine Seamount Group in the central part in
the vicinity of the AGFZ and the Southern Seamount Group. In addition,
the HR bathymetric data highlight for the first-time typical morpholo-
gical features of volcanic edifices such as elongated cone-shaped edi-
fices, linear ridges, large massifs, isolated cones, eruptive fissures and
lava flows along the TMR (Fig. 2). This confirms that most of the reliefs
making up the TMR formed as a result of volcanic effusive activity. The
rocks dredged during the TOREMADERE cruise were lavas including
mostly basalts, south of the AGFZ and trachyandesites and trachytes,
north of the AGFZ (Geldmacher et al., 2006; Merle et al., 2005, 2006,
2009). The maximum depth of the seafloor along the TMR ranges be-
tween 3500 m and 5000 m. All the mapped seamounts have a height
ranging between 2000 and 4000 m above the surrounding seafloor
(Table. 1). Summits of some of the volcanoes belonging to the Tore
Seamounts Group are at around 2500 m above the seafloor while the
highest seamounts along the TMR such as the Joséphine, Lion and
Unicorn seamounts are 3500 m high and lie between 300 m and 800 m
below sea level. The largest of these seamounts have a base diameter of
~20 to ~50km (Tore NW, Ashton, Gago Coutinho: 20-30 km, 48 km
for Seine). Such dimensions are comparable to the largest continental
volcanoes (Mount Etna: 47 X 38 km, 3350 m above sea level). Sponge
Bob and Tore East seamounts are smaller with a base diameter of
~10 km.

4.1. Submarine volcanoes of the Tore Seamounts group

The Tore Seamounts Group, the largest volcanic complex of the
TMR occurs at the northern end of TMR, to the west of the Estremadura
Spur and the West Iberian margin (Fig. 2). HR swath bathymetric map
(Fig. 3) reveals a highly complex tore-like shape morphology including
several prominent topographic features (Fig. 3a) such as:

(i) a deep basin (Tore Depression) which lies in the central part of the
area surrounded by uplifted plateaus (Tore Plateaus) located at an
average depth of ~3000m. This depression displays asymmetric
rhombohedra shape oriented NE-SW with a maximum depth of the
seafloor of 5500 m to the NE;

several E-W to NNE-SSW elongated topographic highs that rise
above the seafloor and are unambiguously interpreted as submarine
volcanoes.

(iD)

The Tore North (Tore N) and Tore North-West (Tore NW) volcanoes
located at the northern edge of the Tore Volcanic Group area at the
transition with the IAP (Fig. 2) correspond to E-W elongated volcanic
seamounts composed of a main volcanic edifice connected to a NE-SW
oriented ridge (Table 1; Fig. 3; Fig. 4a,b). The Tore N displays an ~E-W
trending rift zone with a main broad rectangular-shaped cone on the
south-western part of the edifice. The linear, ENE-WSW-trending, flat-
topped ridge linked up the western flank of the main edifice to the
second edifice to the east. Flanks on the northern side have average
slope values up to 25-30° (Fig. 3b). The southern flank is narrower,
characterised by steep slopes that exceed 40° and scarps (Fig. 3b). Tore
NW also displays an overall E-W trending rift zone with the main cone
located on the western part of the volcano (Fig. 4b). The smaller edifice
was constructed as an attachment to the eastern flank of the main cone.
Tore NW shows series of linear, narrow and deep gullies radiating from
the main cone summit (i.e. U-shaped slope channel on Fig. 4b). Small
scale hummocks on the seafloor surrounding the south-western side of
the volcano are interpreted as debris from landslide. To note, embay-
ments along with over steepened slopes on both Tore N and Tore NW
suggest that the flanks of both volcanoes have experienced intense slope
failure processes.

To the east of the Tore depression, several smaller volcanic edifices
form the eastern part of the volcanic field (Fig. 3a). The Tore East (Tore
E) volcano representing the largest edifice presents a NE-SW oriented
sub-elliptical conical shape with the main cone located on its southern
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flank (Table 1; Fig. 3a; Fig. 4c). The northern flank of the volcano shows
distinct morphology related to lava terraces with flat or gently dipping
slopes. The Tore Central edifice is located on the southern edge of the
Tore Depression (Fig. 3). It consists of several NE-SW to NNW-SSE
linear volcanic ridges (Fig. 4e) while the Tore South edifice presents an
E-W elongated edifice that turns to a NNE-SSW en-echelon ridge
(Fig. 4f). South of the Tore Volcanic Group in the TAP, a small elliptical
edifice, the Sponge Bob volcano presents a broad symmetrical shape
along the WNW-ESE axis with an elongated plateau localised at 800 m
above the seafloor on its SE flank (Table 1, Fig. 4d).

> 250 eruptive vents were identified across the Tore Volcanic
Group area (Fig. 4) from HR bathymetric map. Most of the vents are
located in the central domain of the volcano as part of the Rift Volcanic
zone. A total of 120 eruptive fissures were mapped with predominantly
three strike families: N10-20°E, N80-90°E and N120-130°E (Fig. 11a).

4.2. Central group: Josephine Volcanic Group

The Josephine Volcanic Group is located at the vicinity of the AGFZ
(Fig.2), forming a NNE-SSW 250 km long ridge which comprises several
major volcanoes such as Gago Coutinho, Ashton, Josephine and Jo
Sister Seamounts (Fig. 5). To the south, the Gago Coutinho valley (GCV,
Fig. 5) links to the main branch of the AGFZ and to an elevated area on
which the Josephine submarine volcano formed.

4.2.1. Gago Coutinho volcano

The Gago Coutinho volcanic ridge consists of three submarine sea-
mounts aligned along a N8O°E direction that connects the AGFZ to the
TAP (Fig. 5). Gago Coutinho (GC1), the largest and westernmost edifice
is a complex E-W elliptical, steep sided volcanic edifice characterised by
a flat summit narrowing from 9 km wide to the east to 3 km wide to the
western end (Fig. 6a,b, Fig. 8b,c). The flanks of Gago-Coutinho have a
distinct step-bench lava terrace morphology with an overall average
slope of 40°, being steeper on the upper part of the flanks, decreasing to
15-20° near the base of the volcano (Fig. 6b, Fig. 8b,c). The northern
flank displays several embayments at the summit with oversteepened
scarps, convex shaped slopes, wide gullies and ridges and a wide bulge
at the bottom front suggesting significant slope failure processes
(Fig. 6b; Fig. 8c). To the east, U-shaped slope channels present two
preferential E-W and NE-SW direction.

53 eruptive vents were identified mostly on the summit of the Gago-
Coutinho edifice aligned along a NE-SW direction, oblique to the slopes
(Fig. 6a, Fig. 11b). No vents were mapped on the southern steep flank.

4.2.2. Asthon submarine volcano

The Asthon submarine volcano (Fig. 7) displays a composite mor-
phology including a large, 2300 m high, semi-circular and flat-topped
volcanic cone, symmetrical with respect to a NE-SW axis, structurally
linked to a NE-SW oriented topographic ridge (i.e. Asthon Ridge) to its
SW. This ridge connects the main edifice to the nearby Gago Coutinho
volcano via a saddle located at around 4500 m depth (Fig. 5, Fig. 8c).

Flanks of the main edifice display relatively moderate to steep
slopes with average values exceeding 40° on the upper part of the flanks
and 15-20° at the base of the edifice (Fig. 7b). The major slope break is
located at ~1800 m similar to Gago-Coutinho. The general drainage
pattern of the SE and NW flank of the Asthon main edifice is radial with
alternating ridges and gullies extending from the summit to the seafloor
(Fig. 7a). Sharp embayments are present at the summit suggesting
significant slope failure processes.

One of the most prominent features in the NE flank of the volcano is
the Asthon canyon, a flat-bottomed, N80°E oriented erosional feature
extending from the top to the bottom of the volcano (Fig. 7a, Fig. 8a). It
is about 10km long, 2km wide and bounded by steep (> 50°) and
straight scarps. A series of broad longitudinal N8O°E depression and
ridges are observed near the base of the canyon. These volcanic ridges
are also observed to the north in the same direction (Fig. 7a).
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The ~50 km long Asthon Ridge extending off the south-west side of imaged and most of the interpretation rely on the EMODnet DEM. The
the main edifice presents an en-echelon morphology with two pre- Josephine seamount is a 40 km long, flat topped summit, elliptic vol-
ferential NE-SW and ENE-WSW orientations that connect to form one canic edifice with a NNW-SSE elongated axis, structurally linked to the
single ridge projecting to the main edifice (Fig. 7). The ridge displays a AGFZ toward the north (Fig. 5). The southern flank is well imaged and

step-bench morphology related to repeated lava terraces emplacement. displays two distinct ridges, one along a NNW-SSE axis direction with a

Across the Ashton volcanic edifice, 30 eruptive vents were identified length of 14 km and the other one with a WNW-ESE orientation with a
on the summit plateau and along the ridge (Fig. 7a, Fig. 11b) with a length of 17 km separated by a large embayment (Fig. 5). 27 eruptive
main alignment along a N45°E direction, defining a linear volcanic vents were mostly observed on the southern flank, with the exception of
ridge zone. In addition, 12 vents aligned along a N20°E to N50°E di- few vents mapped on the flat summit in the northern part of the edifice.

rection were identified at the base of the southern flank, parallel to the To note, some of the eruptive vents may be undetectable due to the low
Volcanic Rift (Fig. 7a, Fig. 11b). This may be related to fissure flank resolution of the EMODnet bathymetric map or strong erosion imprint.
eruption. In the south-western part of the main edifice along the ridge, Two NNW-SSE elongated conical edifices can be observed to the
the eruptive fissures are oriented along two main directions N50-60°E northeast of Josephine along the AGFZ (VE1; VE2; Fig. 5). 13 eruptive
and NO’E (Fig. 11b). To the south-western part of the ridge, elongated vents are visible along the flank and the summit of the two volcanic
topographic feature on the seafloor can be observed along a NE-SW edifices adjacent to the Josephine volcano (Fig. 5). Four eruptive fis-
direction in the prolongation of the Ashton ridge and seem to connect sures were identified with a WNW-ESE and NW-SE orientation similar
with Gago Coutinho (Fig. 5, Fig. 8c). to the cliffs localised to the NW (Fig. 11b).

Jo Sister seamount is located to the southeast of the Josephine
plateau, south of AGFZ (Fig. 5). The edifice displays a square-like shape
with three main peaks rising above a broad terrace at 1400 m depth
surrounded by moderately steep flanks. The terrace may have once
been the summit plateau similar to the other submarine flat-topped

4.2.3. Josephine and Jo Sister seamounts

Josephine and Jo Sister Seamounts are located to the south-west of
the AGFZ and are part of large plateau with an average elevation of
2500 m above the seafloor (Fig. 2; Fig. 5). Only part of the edifices was
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volcanoes, but small cones erupted aligned along a NNE-SSW direction
on the northern and southern side. The base of the edifice lies on the
seafloor at 2500 m depth in the north and 4000 m to the south in the
abyssal plain.

4.3. Southern TMR Volcanic Group

The Southern TMR Volcanic Group is located to the south of the
AGFZ (Fig. 2). The western branch is formed by a plateau-like rise
(2500 m elevation) oriented NNE-SSW and capped by a volcanic edifice
that is the Dragon seamount while the central part and the eastern
branch include the Lion, Isabelle and Unicorn seamounts (Fig. 9).

4.3.1. Isabelle, Lion, Unicorn seamounts

The Lion Seamount shows a nearly E-W to NNW-SSE orientation
with a summit at 600 m depth below sea-level. Bathymetry map shows
that the ridge displays a series of WNW-ESE trending lineaments giving
the ridge an en-echelon like shape with average spacing of ~6 km. The
southern flank is nearly vertical with an average slope value around
50°. The northern flank is smoother and wider with a 15km wide
platform formed at an average depth of 1000-1500 m. Few isolated
volcanic cones have also been mapped on both flanks of the ridge. The
platform to the north gives away to two ridges oriented NNW-SSE and
NNE-SSW. In the Lion seamount, 20 eruptive vents aligned along a
WNW-ESE swarm of eruptive fissures similar to the bounded scarps can
be identified at the summit.

The Isabelle Seamount is located to the east of the Lion Seamount.
Its elliptical morphology is characterised by steep flanks and a flat
summit (Fig. 9). Its elongation is oriented along a NNW-SSE turning to
an E-W axis toward the NW near the Lion Seamount. The eastern flank
of the volcanic edifice displays a well-defined large scarp facing toward
the east.

Unicorn represents a N-S to NW-SE elongated volcanic edifice with a
summit plateau located 800 m below sea level, south of the Isabelle and
Lion volcanoes (Figs. 9, 10a). Its flanks are highly irregular resulting
from the presence of numerous lava flows and possibly eccentric cones.
Slopes range between 10° and 25° (Fig. 10b). The summit plateau is
capped by several volcanic cones and surrounded by steep sided slopes
that reach a terrace on its western flank at 1600 m depth (Fig. 10a).
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13°W Fig. 5. Bathymetric map of the Central
Volcanic Group localised along the eastern
Depth (m) branch of the Azores-Gibraltar Fracture

0 Zone (AGFZ). The main seamounts are Gago
Coutinho, Ashton, Josephine and Jo sister.
There are also, the Ashton Ridge (AR), three
volcanic edifices of Gago Coutinho group
(GC1, GC2, GC3), and other volcanic edi-
fices (VE1, VE2). The Gago Coutinho Valley
(GCV) is located between the Gago Coutinho
group oriented ENE-WSW and the
Josephine, VE1 and VE2 edifices. The
Josephine Fault (JF) represents the south-
eastern continuation of the AGFZ that links
with faults along the Gorringe Bank (GB).
Multi-beam TOREMADERE HR bathymetric
data do not cover the entire area and edi-
fices. Only 20% of Josephine (southern
flank) and 40% of Jo Sister (the northern
flank) seamounts were fully imaged. With
respect to the large holes, the EMODnet re-
gional bathymetric grid was used for re-
gional interpretation. Bathymetric contours
100 m.

Distinct volcanic cones are preserved on the terrace. Although it was
not fully imaged during the TOREMADERE marine survey, an addi-
tional volcano separated from the main edifice by a saddle is identified
to the south-west of Unicorn (Fig. 10a). Massive lava flows are present
along its southern flanks, reaching the abyssal plain at 4300 m depth.

108 eruptive vents were identified along the Unicorn edifice, mostly
on the platform to the south and west of the summit (Fig. 9; Fig. 10a).
These vents define a clear NNW-SSE oriented fissure parallel to the
main elongation of the volcano, connecting to the Isabelle edifice to the
north along which 10 eruptive vents aligned along a NW-SE direction
were identified on the summit (Fig. 11c).

4.3.2. Dragon volcano

Dragon is located at the southwest end of the Southern Volcanic
Group. It represents a N-S elongated volcanic edifice that up-domed the
seafloor with a maximum height of 1500 m (Fig. 10c). It comprises two
main well-defined N-S oriented ridge of 5km wide separated by a
bathymetric low saddle.

Dragon shows a rugged and uneven morphology with local irregular
slopes ranging between 0° and 30° (Fig. 10d). Step-bench morphology
with circular peaks located on the north-east and south-east flanks of
the ridge at around 1800-1900 m above sea-bottom likely indicate the
presence of flat-topped lavas terraces construction and development of
small eruptive vents and volcanic cones. Large landslides are present in
the central and north-western part of the ridge.

89 vents were recognisable along the Dragon volcanic edifice
(Fig. 10c). The majority of the vents are aligned along N-S oriented
eruptive fissures (Fig. 11c). To the north-east and south-east, eruptive
fissures have a similar N-S trend but are shorter and separated by a
large landslide suggesting that they might form part of the same
eruptive fissure.

5. Faults identification

Criteria to define lineaments from bathymetry are mainly variations
of the strike and offset of morphologically distinct linear features such
as ridges, scarps, cliffs. The lineament drawn by following the bottom of
the scarps were mapped and interpreted as related to faults.
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5.1. The Estremadura Fault System - the Tore Volcanic Group

The E-W faults of the EFS vanishes to the west into several en-
echelon lineaments segments with a main N70°E and N50°E direction
interrupted by N10°E striking lineaments (Fig. 3b; Fig. 11d). The wes-
ternmost part of the EFS and its splay faults have a clear bathymetric
expression on the seafloor with a well-developed rhomb-shaped basin
in the centre (i.e. Tore Depression) along releasing step-overs sug-
gesting a left-lateral strike-slip component of the EFS (Fig. 3b; Fig. 11d).
The two major splay segments surrounding the Tore Depression and
where the Tore N and Tore Central lie also show small NE-SW oriented
transtensional basins surrounded by ENE-WSW to NE-SW strike-slip
faults that step across along NNW-SSE faults (Fig. 3; Fig. 11d).

5.2. The Azores-Gilbratar Fracture Zone — Josephine Volcanic Group

HR bathymetric data and EMODnet DEM were used to map the main
lineaments along the AGFZ. The eastern part of the AGFZ, along which
the Josephine Seamount Group lies, is composed of several fault seg-
ments mostly striking N80-120°E and splays off eastward into two main
fault sets forming a horsetail geometry (Fig. 5).

The main sub-vertical fault oriented N110-120°E has a length of
50 km splitting into four smaller steep secondary faults, 40 km-60 km
long with an orientation ranging between N120°E to N150°E. A zone of
transtension developed along this main segment as expressed by the
presence of small pull-apart basins as well as the localisation of the
Josephine Volcanic Group. Typically, the different volcanic edifices of
the Josephine Volcanic Group are located either at the tip of the main
fault or along the several splays of oblique faults (Fig. 5; Fig. 11e).
Beyond the south-eastern end of the AGFZ splay faults, the seafloor
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fabric related lineaments strike N50°E (Fig. 5; Fig. 11e). At the junction
with the N130°E AGFZ system, these individual N50°E lineaments
change their geometry along a strip-oriented NW-SE (the Josephine
Fault; Fig. 5; Fig. 11e) that is in the south-eastward continuation of the
AGFZ splay faults. These NW-SE lineaments that have a different di-
rection define two linear corridors in the bathymetry where each
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individual segment displays a left-lateral stepping geometry (Fig. 11e).
These corridors are sub-parallel converging to a small edifice of the
Josephine Volcanic Group located at the tip of one of the AGFZ splay
fault. (VE1 in Fig. 5; Fig. 11e).

The northern segment of the AGFZ splay faults consists of several
small, 20 km long, NE-striking, right lateral stepping cracks linked by a
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set of overstepping N100-105°E oriented fault segments (Fig. 5;
Fig. 11e). However, their trend is not parallel to the predicted or-
ientation for antithetic faults. Instead, these faults strike parallel to
extension fracture. These set of faults is well expressed in the mor-
phology of Gago-Coutinho in the form of WNW-ESE trending, and NE-
SW-trending, vertical en-echelon fault related lineaments that localised
slope deformation on its flanks and summit (Fig. 6). The left-lateral
fault segments linked through extensional overstep defining a staircase-
shaped fault zone with extension fractures, pull-aparts striking
N40-50°E along which the Gago-Coutinho Volcanic Ridge developed.
The NE-SW fractures of the Gago Coutinho volcanic edifice likely

16°W 15°W

35°N

16°W

15°W

branches to the NE-oriented fault well expressed in the bathymetry by
the strike of the Ashton Ridge.

5.3. Southern TMR

The Southern TMR lineaments have a length of 20-40 km and cover
an area of 40 km wide (Fig. 11f). The fault system in the vicinity of the
Dragon seamount is formed by two parallel N-S faults branching to the
north and south to roughly E-W transform faults. The strike of the rift
valley related normal fault are also N-S suggesting that the fractures
observed on bathymetry and along which the Dragon lavas formed are

14°W Fig. 9. Bathymetric map of the Southern
Volcanic Group. The main seamounts are
Lion, Isabelle, Unicorn and Dragon. White
circle represents interpreted vents. The HR
bathymetric data only covers 20% of the
area along the main edifices. The EMODnet
regional bathymetric grid shown in the
background was used for regional inter-
pretation.
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reactivated normal faults formed during the oceanic spreading.

The Lion-Isabelle area consists of NW-SE right stepping en-echelon
lineaments curving to the east in the Lion volcano and to the west in the
Isabelle edifice and connecting to an E-W fault (Fig. 11f). This latter is
well expressed in the bathymetry with a large vertical offset of the
seafloor fabric as shown on the slope map (Fig. 11f). To the east, the
transform fault is cross-cut by structures of Isabelle oriented NW-SE
curving westward to the north and connecting to the NNW-SSE struc-
tures of Unicorn.

6. Discussion

6.1. Morphostructures and spatial distribution of volcanic edifices along the
TMR

The difference in the overall morphology of the submarine

m.
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volcanoes along the TMR is likely related to magma supply rate and
chemical composition, structural inheritance of the lithosphere on
which the volcanoes are lying, submarine or subaerial conditions for
volcanic emplacement, gravitational flank instabilities and erosion
processes (e.g. Ramalho et al., 2013). Our new bathymetry data provide
new insights to identify these processes and assess how they con-
tributed to the morphology of the volcanoes as observed nowadays.
The most striking morphological feature of the TMR seamounts is
that steep-sided, flat topped summit and lava terraces can be observed
on almost all the volcanic edifices whatsoever their size. The presence
of flat topped cones with lava terraces from the base to the top of the
edifice may be explained primarily by submarine volcanic construction
processes. Long-lived eruption of low- to moderate viscosity lavas (i.e.
OIB-like alkaline basalt and trachybasalt, Merle et al., 2009) in a deep-
water environment may favour the development of flat summit and
terraces as suggested for some oceanic seamounts in the Pacific (Clague
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et al., 2000). In such case, the small volcanic cones observed on summit
or flank plateaus (i.e. Unicorn and Jo Sister) likely represent late- or
rejuvenated stage volcanism. Flat-topped volcanoes may also result
from subaerial erosion processes such as waves action upon the edifices
(Paduan et al., 2009). Although some volcanoes may have reached the
surface or the summit were near sea-level fluctuations (i.e. Josephine,
Unicorn), no clear evidence of past subaerial conditions such as beach
deposits or guyot morphology can be observed based on the HR
bathymetric data.

The overall shape of these volcanic edifices is variable across the
TMR with ellipticity values ranging between ~0.26 and ~0.86
with > 70% of the values higher than 0.5 (Table 1). Although post-
emplacement erosional processes such as slope failure or canyon inci-
sion (Mitchell et al., 2002) may have affected the ellipticity to some
extent (i.e. northern flank of Gago Coutinho volcano), destruction
processes may not affect the entire edifice and the ellipticity should
reflect the primitive shape of the volcanic edifices. This large variation
of ellipticity suggests different types of volcanic constructions (Fig. 12).
Small ellipticity are likely related to fissure eruptions along pre-existing
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structures (i.e. Tore Central, Dragon) while medium to high ellipticity
are consistent with sub-circular seamounts reflecting locally focussed
volcanism during long-lived eruptions (i.e. Gago Coutinho, Tore N).
Both morphologies may represent the evolution in eruption style
through time from early eruptions along pre-existing faults to more
point focussed eruptions on a mature edifice. Variable local stress along
the fault system may also result in different morphologies. Examples of
the co-existence of both morphologies can be observed on the Asthon
volcano which is composed of a main NE-elongated, semi-circular, flat-
topped and terraced edifice with a SW-trending sharp linear en-echelon
ridge on its south-eastern slope (Figs. 7 and 8).

The detailed mapping of volcanic occurrences distribution together
with structural analysis of the bathymetry at regional-scale show that
most of the volcanic fields are located within different crustal domains
(oceanic or exhumed mantle) in the vicinity of major sub-vertical li-
thospheric structures such as transfer faults of the margin, oceanic
transform faults or former mid-oceanic spreading ridge (i.e. AGFZ, EFS;
Fig. 2). For instance, the Tore and the Central Volcanic Groups display
NE-SW to E-W trending elongated volcanoes as illustrated by the main
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axis of the volcano ellipticity. This overall trend is parallel to the main
direction of the rift-related normal faults and transfer zones along the
Iberia margin (Fig. 2; Fig. 12; Tucholke et al., 2007). Intrusives and
volcanoes of similar age and composition as the Tore Volcanic Group
and Josephine Volcanic Group are also present 300 km away from the
TMR volcanoes in the Tagus Abyssal Plain and onshore Portugal
(Miranda et al., 2009; Grange et al., 2010; Neres et al., 2014). These
intrusives have also a preferred E-W to NE-SW orientation similar to the
TMR edifices and were emplaced in the vicinity of main lithospheric
faults (Messejana and Nazaré faults). Structural studies of the Iberia
margin evidenced pre-existing E-W and NE-SW fault systems formed
long before the beginning of the magmatic activity on the TMR during
the Late Paleozoic Hercynian Orogeny and controlled margin segmen-
tation during the Early Mesozoic rifting event (Fig. 1; Alves et al., 2009;
Ballevre et al., 2014; Pereira et al., 2016). This clearly demonstrates the
strong structural control on the location of Tore and Central Volcanic
Group as pre-existing lithospheric structures influenced the main
magmas ascent pathways. The absence of a major N-S oriented axis of
the TMR volcanoes in the central and northern part of the seamount
chain contrasts with the inferred N-S to NNE-SSW orientation of the
overall TMR. We thus suggest that the spatial distribution of the TMR
volcanoes reflects the channelling of magmas into sub-vertical litho-
spheric faults rather than a N-S to NNE-SSW plate motion over a hot-
spot (e.g. D'Oriano et al., 2010). We also estimate that the limited
structural connection along a N-S transect of the TMR volcanoes and the
presence of three distinct volcanic fields (i.e. Tore Volcanic Group,
Josephine Volcanic Group and Southern Volcanic Group) does not
support the concept of an age decreasing hot-spot track and highlights
the misleading of the term “Tore-Madeira Rise” in such complex poly-
phased tectono-magmatic context.
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6.2. Mechanism of magma channelling and ascent

Faults along which volcanoes formed consist of several kilometric-
scale sub-vertical segments mainly oriented NO and N9O°E in the
southern part of TMR, N90°E, N120°E and N40°E in the central part
along the AGFZ and in the Tore Seamounts Group area (Fig. 12). Al-
though some volcanoes might have been buried beneath a thick sedi-
ment package and a large volume of underplated magmatic bodies or
sills are likely present beneath the distal part of the Iberia margin or
intruded within the oceanic lithosphere beneath the southern part of
TMR (Peirce and Barton, 1991; Pereira et al., 2016), the TMR volcanoes
appear to be spatially clustered and located only on a small portion of
the sub-vertical pre-existing fault system (Fig. 13). In addition, the
majority of these volcanoes are located away from the major segments
of these regional faults (i.e. shaded grey area; Fig. 13) suggesting that a
structural control on volcanic emplacement is more complex than
previously suspected (Geldmacher et al., 2006; Merle et al., 2006;
Nirrengarten et al., 2017).

Transport of melt by fault zones greatly depends on fault-zone
structure and permeability within the damage zone (e.g. Gudmundsson
et al., 2010). Indeed, structural and rheological complexities of fault
damage zones strongly perturb regional tectonic stresses along, across
and around the damage zone which favour the development of sub-
domains with different deformation pattern, fault geometries, kine-
matics and permeability as well as stress regime (Choi et al., 2016; Ishii,
2016; Peacock et al., 2017). The development of damage zone also
results in strong rock anisotropy between the weaker and more
permeable fault damage zone and the surrounding host rocks. This
strength contrast results in pressure gradient between the fault zone
and the host rock and may induce magma to ascent (Gudmundsson
et al., 2014; Reynolds et al., 2018). Alternatively, magma-assisted
processes enhancing fracturation is another process that may favour
magma to flow (i.e. Hydrofracturation, Gudmundsson and Brenner,
2001). In such scenario, magma pressure is sufficiently high to inject
dyke to the surface creating local extension in the shallow crust (Accola,
2014; Ruch et al., 2016).

Considering the localisation of large volcanic edifices within sub-
vertical lithospheric faults without any evidence of morphological
offset, (diking) fracturing controlled by the pre-existing fault zone is
likely the mechanism that favoured pathways for magma to ascent. In
such scenario, the steep dip of the fault gives to the sub-lithospheric
melts a direct access to the surface. However, the majority of the vol-
canoes of the Tore and Josephine Volcanic Groups studied here, did not
develop directly on the major regional fault but rather along sub-
ordinate or splay faults suggesting a strong control of tectonic local
stress in regard to fault geometry (Fig. 13). Moreover, although the
average strike of eruptive fissures and faults are nearly concordant, the
pattern of the eruptive fissure presents two or more preferential di-
rections (Fig. 11). In fact, most of the volcanoes of the TMR formed on a
lithosphere with a complex structural geometry including, releasing
bend zones defining a transtensional domain (Tore Volcanic Group), at
the interaction or tip damage zone of the splay faults (Josephine Vol-
canic Group, Gago Coutinho and Ashton Seamount), and failed proto-
spreading ridge interacting with transform fault (Lion, Isabelle). Based
on these observations, we suggest that local stress reorganisation ex-
erted a primary control on magma ascent toward the surface and the
site of emplacement of the TMR volcanoes. The complexity of the fault
systems favoured the development of sub-domains between and at the
tip of different fault segments that when optimally oriented to
minimum horizontal stress would enhance magma ascent and allow
eruption at the surface.

6.3. Control of the local stress field on TMR volcanism

The EFS splays off to the west in several segments-oriented NE-SW
defining a horsetail-like system of sinistral faults along which the Tore
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Fig. 13. Tectonic maps with distribution of volcanoes of the (a) Tore Volcanic Group, (b) Central and (c) Southern domains. Thick black line = major black faults,
thin black line = minor faults. Light grey lines correspond to the main seafloor fabric. Light grey dotted shadings indicate tip or interaction damage zones along
which the main volcanoes formed (purple polygons). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

depression formed (Fig. 13). The western tip of the EFS where the Tore
Volcanic group developed is interpreted as being structurally and ki-
nematically linked to left lateral strike slip faults located in the distal
and proximal domains. These latter acted as steep E-W transfer faults
during continental rifting and were likely reactivated in a transten-
sional regime after rifting and spreading ceased (Pereira et al., 2016).

Most of the volcanoes of the Tore Volcanic Group developed within
the transtensional domain of the EFS (shaded grey zone in Fig. 13).
Eruptive fissures are either sub-parallel or oblique to the main ~E-W
oriented segments and NE-SW splays of the EFS. Both trends are com-
patible with a sinistral transtensional regime. This structural config-
uration indicates that magma transport and eruption are driven by
subordinate or horse-tail splay faults. The transcurrent deformation and
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potentially associated rotation of the stress field along the EFS would
favour the opening of these faults and melt emplacement in localised
area of transtension (Fig. 13). The complex pattern of eruptive fissures
within the Tore N, Tore NW and Tore Central are prime examples of
these processes. Cone elongation and associated eruptive fissures strike
dominantly ENE, NNE and SE and are thus likely a mixture of shear and
extensional fractures considering the sinistral strike-slip character of
the main fault and its splays. The sub-vertical lithospheric EFS likely
rooted to deep crustal level thus provided access to the main source of
magma.

The Josephine Volcanic group is located at the vicinity or along the
eastern part of AGFZ (Figs. 5, 13b). This latter represents a ~E-W
transform plate boundary between the North and Central Atlantic
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Oceanic plate changing to a more complex NW-SE and NE-SW oriented
transform margin toward the east between the Iberian and African
plates (e.g. Jiménez-Munt et al., 2001). The structural analysis along
the N80°E segment of the AGFZ where the Gago Coutinho volcanic
edifice emplaced shows that fault related lineaments are arranged in a
NE-SW right-stepping en-echelon segments linked up by E-W to WNW-
ESE faults that define a zigzagged trace. The NE-SW segments coincide
with mapped eruptive fissures within the Gago-Coutinho edifice as well
as match the spatial distribution of the three volcanic edifices that
composed the Gago-Coutinho Ridge along this segment of the AGFZ
(Figs. 11 and 13).

This geometry suggests that WNW-ESE oriented segments corre-
spond to shear fractures that interacted, creating NE-SW extensional
fractures along which magma erupted as suggested by the pattern of
eruptive fissure (Fig. 13b). In that configuration, Gago Coutinho
(Fig. 13b) is located at the tip damage zone of the AGFZ. The large
volume of the volcanic ridge indicates that the fault was reactivated by
repeated movement, creating a complex and high concentration of
fractures enhancing melt extraction and triggering volcanic eruption.

The Ashton volcano developed along a NE direction and presents a
ridge that potentially connects to Gago-Coutinho at depth although it is
not clearly observed on the bathymetry (Fig. 5, Fig. 8c). However, the
strike of the ridge is similar to the NE-oriented fractures and eruptive
fissures of the Gago-Coutinho Ridge that are interpreted as being ex-
tensive fracture-related dykes. The Asthon volcano shows a dyke swarm
tip-crack geometry as well as en-echelon spatial distribution of eruptive
fissures compatible with a sinistral shear component during volcanic
building. Thus, we propose that the Asthon volcano developed along
extension fractures formed at the tip of the AGFZ-Gago Coutinho left-
lateral shear fault segment. In such tectonic context, the contrasting
morphology between the ridge and the main edifice may be explained
by fissure eruption along a pre-existing fracture followed by long-lived
eruption and edifice growth at the damage tip of the fracture.

Similarly, the eastern portion of the AGFZ hosts the Josephine
Volcanic Group (Fig. 13b). Right-lateral shear along this portion of
AGFZ is predominantly accommodated along NW-SE to WNW-ESE
trending dextral horsetail splay faults. Most of the volcanic edifices
localised at the fault tips or along en-echelon shears where the AGFZ
changes direction and connects to the NE-SW trending lineaments of
the Gorringe Bank (Fig. 13b). This new kinematic configuration thus
reorganised the local stress along pre-existing segments of AGFZ and
controlled the localisation of the Josephine Volcanoes.

6.4. Implications for the post-spreading deformation of the Iberian margin

The proposed model of the TMR volcanism questions the localisa-
tion of the segmented N-S to NNE-SSW oriented J-magnetic anomaly
that is laterally offset by transform faults (Bronner et al., 2011). Indeed,
the E-W structural trend of post-spreading volcanoes differs sig-
nificantly from the inferred N-S trend of the J-anomaly (Fig. 2; Fig. 13).
Recently, Nirrengarten et al. (2017) interpreted this anomaly as the
result of polyphased syn- to post spreading magmatic events emplaced
in both the oceanic and exhumed mantle domains. We thus speculate
that this configuration may be related to relicts of underplated magma
emplaced along detachment faults and channelizing toward the major
sub-vertical lithospheric faults (Sauter et al., 2018). This also may
suggest that migration and extraction of melt to the surface is more
efficient where steep lithospheric shear zones such as transfer or
oceanic fracture zones associated with local stress variations are pre-
sent.

Post-spreading deformation occurred along two major fault zones (i)
the ~E-W to ENE-WSW oriented EFS to the north that splays off south-
westward to connect to (ii) the E-W to NW-SE AGFZ in the southern part
of the Iberia margin (Fig. 2). These structures formed obliquely to the
main NNE-SSW oriented seafloor oceanic fabric and shows mainly left
-lateral displacement evidenced by the development of transtensional
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and pull-apart basins (Fig. 13). Deformation likely began at least in the
late Early Cretaceous based on the age of the earliest stage of post-
spreading volcanism that emplaced along these faults (i.e. 103-96 Ma,
Merle et al., 2006). The direction of main stress at that period changed
from NE-SW to ~E-W according to direction of the flow lines obtained
by reconstruction of the Iberia-Newfoundland margin (Nirrengarten
et al., 2018). During this period, a triple junction between the Bay of
Biscay, Ireland and Newfoundland initiated to the north (Nirrengarten
et al.,, 2018), turning the early margin related transfer faults into
transtensional to extensional faults. In such configuration, we propose
that rotation related extension (transtension) along the SW Iberia
margin would have caused the magmas to be drained along major pre-
existing oceanic fractures and transfer faults of the Iberia margin and
triggered eruption of submarine TMR volcanoes during the Late Cre-
taceous. Furthermore, deformation localised along these major litho-
spheric fault zones show large crustal thickness and thermal variations
inherited from the Late Variscan Orogeny and Mesozoic rifting (Tesauro
et al., 2009; Veludo et al., 2017). Thus, these structures represent major
crustal boundaries that mostly reactivated inherited Late-Variscan
basement boundaries and lithospheric shear zones. These fault zones
acted as boundaries accommodating the differential plate motion be-
tween the fragmented Iberian and African plates, enhancing post-
spreading deformation and volcanism across them at times of plate
reorganisation.

7. Conclusions

The analysis of the new HR bathymetric data combined with re-
gional DEM of the TMR reveal post-spreading deformation processes
associated with magmatic emplacement along the Iberia-Morocco
margin. The main conclusions are as follows:

1. The TMR consists of three distinct major volcanic massifs, the Tore
Volcanic Group, the Josephine Volcanic Group and the Southern
group complex that are spatially connected to respectively, major
regional faults such as EFS and AGFZ along the SW Iberia margin
and a former ridge-transform system, offshore Morocco. These large
pre-existing lithospheric-scale shear zones likely acted as pre-
ferential pathways for the ascending magmas.

2. Magma transport and eruption are overall controlled by the local
state of stress along pre-existing faults. Only specific portion of the
faults including splay fault releasing bend, fault tips and interaction
zones between two segments are coated by large volcanoes.
Volcanic emplacement varies through time depending on the change
in plate kinematic. This suggests that magma migration requires
local stress reorganisation induced by complex fault geometry and
fault segment interaction to erupt. Other control parameters include
(i) the steep dip of the faults that directly tap into the molten source
and, (ii) the rheological weakness of the shear zones;

3. Development of a transtensional plate boundary during the Late
Cretaceous likely resulted in post-spreading magma emplacement in
the southern part of the Iberia margin. Plate reorganisation resulted
in the transition to intense right-lateral shearing along the AGFZ is
well expressed by the distribution of TMR volcanoes.
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