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Abstract

Iberia Africa plate boundary, cross, roughly W-Bngecting the eastern Atlantic Ocean from
Azores triple junction to the Continental marginMdrocco. Relative movement between the
two plate change along the boundary, from transtengear the Azores archipelago, through
trascurrent movement in the middle at the Gloriackire Zone, to transpressive in the Gulf
of Cadiz area. This study presents the resultseoplyysical and geological analysis on the
plate boundary area offshore Gibraltar. The magictes to clarify the geodynamic evolution
of this area from Oligocene to Quaternary. Recémties have shown that the new plate
boundary is represented by a 600 km long set ghedl, dextral trascurrent faults (the SWIM
lineaments) connecting the Gloria fault to the RIfbgene. The western termination of these
lineaments crosscuts the Gibraltar accretionargnprand seems to reach the Moroccan
continental shelf.

In the past two years newly acquired bathymetri@a dallected in the Moroccan offshore
permit to enlighten the present position of theteyas portion of the plate boundary,
previously thought to be a diffuse plate boundary.

The plate boundary evolution, from the onset of paeasion in the Oligocene to the Late
Pliocene activation of trascurrent structures, & pet well constrained. The review of
available seismics lines, gravity and bathymetratad together with the analysis of new
acquired bathymetric and high resolution seismid¢a daffshore Morocco, allows to
understand how the deformation acted at lithosphseale under the compressive regime.
Lithospheric folding in the area is suggested, ametw conceptual model is proposed for the
propagation of the deformation acting in the keitttust during this process. Our results show
that lithospheric folding, both in oceanic and tted continental crust, produced large

wavelength synclines bounded by short wavelengip, thrust, anticlines. Two of these



anticlines are located in the Gulf of Cadiz, and eepresented by the Gorringe Ridge and
Coral Patch seamounts. Lithospheric folding propabteracted with the Monchique —
Madeira hotspot during the 72 Ma to Recent, NNESWSransit. Plume related volcanism is
for the first time described on top of the Coratdhaseamount, where nine volcanoes are
found by means of bathymetric dat®r-39Ar age of 31.4+1.98 Ma are measured from one
rock sample of one of these volcanoes. Analysidbiogenic samples show how the Coral
Patch act as a starved offshore seamount sinc€liagian. We proposed that compression
stress formed lithospheric scale structures plagsag reserved lane for the upwelling of
mantle material during the hotspot transit. Thenattion between lithospheric folding and
the hotspot emplacement can be also responsibldadoirregularly spacing, and anomalous
alignments, of individual islands and seamountrgehg to the Monchique - Madeira

hotspot.



Riassunto

Il limite di placca tra Iberia e Africa nell’oceardlantico centrale si estende dalla giunzione
tripla delle Azzorre ad est fino all' orogene betiifano verso ovest. Il regime tettonico
lungo il limite di placca varia da transtensivo peessi delle Azzorre, trascorrente lungo la
zona di frattura Gloria, a compressivo nell’areda @Gelfo di Cadice. Qui la velocita di
convergenza tra le due placche é attualmente dinvdaniDeMets et al. 1994). Negli ultimi
anni il Golfo di Cadice € stato interpretato conmelimite diffuso di placca. Recentemente e
stata scoperta una serie di lineamenti morfolo@iceamenti SWIM, dal progetto europeo
che ha acquisito i dati batimetrici che hanno pesuela loro individuazione) attribuiti a
strutture trascorrenti che interessano tutto ilfGali Cadice. Questi sono stati proposti da
Zitellini et al. (2009) come costituire il probabilimite di placca tra Iberia e Africa a partire
dal Pliocene Superiore (2 Ma). | lineamenti corowatt la zona di frattura Gloria con |l
margine Marocchino e la catena Betico Rifana. Sastpumargine, a seguito di una campagna
oceanografica avvenuta nel 2008 e stato possilal@tterizzare i lineamenti tramite
batimetria ad alta risoluzione e sismica CHIRé&amenti in questo settore si impostano sul
prisma di accrezione di Gibilterra, causando ewide&anomeni gravitativi nella sua parte
superficiale.

Uno degli obbiettivi di questa tesi e stato inoltee studio delle deformazioni a scala
litosferica a partire dall’Oligocene fino ad ogha riattivazione di questo margine in regime
compressivo € avvenuta a causa della rotazionerané di Iberia a partire dall’Oligocene.
Tramite lo studio di linee sismiche e dati graviroeté stato proposto che a partire
dall'Oligocene I'area del Golfo di Cadice sia stat#ressata da piegamenti litosferici. Inoltre
e stato possibile proporre un nuovo modello cona&dtdi come si manifestino nella crosta

superiore processi legati a piegamento litosferi@oesto modello prevede che si formino
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sinclinali ad ampia lunghezza d’'onda (30 — 140 lgmyuite da anticlinali con lunghezze
d’onda minori (10 — 80 km).

L’area in esame € stata interessata a partire dda/@al transito del punto caldo Monchique
— Madeira. Numerosi monti sottomarini e piccolelinel abissali ne segnano la traccia. In
guesto lavoro per la prima volta viene descritto dettaglio uno di questi, il monte

sottomarino Coral Patch. Nove edifici vulcanici mrinsono stati descritti sulla sua sommita e
uno di questi, campionato durante una crocieraraggafica nel 2004, e stato datato a 31
Ma. Inoltre e stato ipotizzato che il magmatismdl’aea abbia interagito con i processi di

piegamento litosferico. Questa interazione ha pored una distribuzione anomala dei
vulcani che spesso, come nel caso del Coral Pstdilineano lungo le zone di debolezza

litosferica causate dai processi tettonici.
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1 Introduction

1.1 Study area

The Gulf of Cadiz is the portion of the Easternen@al Atlantic bounded by South Iberia and
Northwest Morocco (Fig. 1.1.1). Here is located Hastern end of the Azores-Gibraltar plate
boundary. Nowadays, the kinematic of this platenaauy show a progressive change from
extension at the Azores, pure right lateral stskp in the middle at the Gloria trascurrent
fault, compression in the Gulf of Cadiz with a tela plate velocity of about 4 mm/a (Argus

et al., 1989, DeMets et al., 1994). To the East, Arores - Gibraltar plate boundary ends
against the Gibraltar accretionary prism (Fig. 4).Xormed by the westward motion of the

Betic — Rif orogenic arc.

Figure 1.1.1 Central Atlantic Sea. MAR: Mid Atlantic Ridge; TR:erceira Ridge; GFZ: Gloria
Fracture Zone; MTR: Madeira Tore Rise; SL: SWIM éaments; TP: Tagus abyssal Plain; HP:
Horseshoe abyssal Plain; SP: Seine abyssal PlBiashed line; Betic-Rifean Front; White box
outlines area of figure 1.2; White arrows indicadkative plate motion along the plate boundaries.

Several huge seamounts are present offshore iGulfeof Cadiz, as the Gorringe Ridge and

the Coral Patch seamounts. Associated to theseoseisnare the greatest geoid anomaly in



the Atlantic sea with a gravity anomaly of abou®40Gal at the Gorringe and 200 mGal at

the Coral Patch (Sandwell and Smith, 1997).

Figure 1.1.2 Study area. Thin solid line, Gibraltar accretignarism; thick solid line Gloria fracture
zone and SWIM lineaments; grey arrow, track ofMunchique — Madeira hotspot.

Natural seismicity is heavily concentrated along @loria Fracture Zone, while it becomes
scattered in the Gulf of Cadiz and Gibraltar reg{big 1.1.3). In this area the seismicity is

located preferentially offshore South Iberia anig ihot focused on some particular structures
(Grimison and Chen, 1986).

In the last 15 years, this sector of the Eurasifrica plate boundary was interpreted as a
diffuse plate boundary (Sartori et al., 1994, Halyd996). In particular, Sartori et al. (1994)

showed that the compressional deformation is NWu®B&ding, and distributed over a wide

region. The Gulf of Cadiz is also the source areseweral high- magnitude earthquakes, as
the 1755 Great Lisbon earthquake with an estimagnitude of M=8.5 to 8.7 (Martinez-

Solares and Lépez Arroyo, 2004). The earthquakefolbmved by the largest tsunamis ever
10



experienced in the Western Europe Atlantic margith was observed as far as the Caribbean
and North American coasts. In the past twenty yesmgeral international project were
focused on the area. Thanks to these efforts a gagphysical and geological dataset was

collected.

Figure 1.1.3 Natural seismicity of the Gulf of Cadiz and sumding area, from August 2007 to April
2008, recorded during the NEAREST project. Bluargle, OBS station; green triangle, land
seismometers station

The Gulf of Cadiz was almost completely mapped ®ans of high-resolution bathymetry
and geophysical seismic data during the ESF SWIbjept to constrain the major active
structures of the area (Gracia et al., 2003; Zniedit al., 2004). After the SWIM project new
bathymetric compilation is now availabl&hge SMM multibeam compilation, Zitellini et al.,
2009). The SWIM compilation revealed a new setiddments, that were called tBAIM
lineaments, cross cutting the Gulf of Cadiz from the eastemmination of the Gloria fault to
the NW Moroccan offshore. Zitellini et al. (20090oposed this structures to be the recent
plate boundary between Iberia and Africa (Fig 1.add Rosas et al. (2009) showed how, in

the last 2 Ma, the deformation was active on theseurrent structures.
11



Figure 1.1.4 SWIM lineaments cross-cutting Horseshoe Abyssaihphnd the Gibraltar accretionary
prism. West to East view. Vertical exaggeration 5X.

The Gulf of Cadiz evolution was also influencedtbg transit of the Madeira — Monchique
hotspot. The track of this hotspot is underlinedaby00 km long, 200 km wide chain of
volcanic abyssal hills and seamounts (Fig. 1.ITRge hotspot volcanism spans in age from
the 70-72 Ma at the Monchique volcanic field, inuBoPortugal, to 14-0 Ma volcanism at
Madeira archipelago (Morgan, 1981; Geldmacher ¢t28l00). Up to day several aspect of
this volcanism are still matter of debate: for epdarthe alignment of seamounts such as the
Coral Patch and Ormonde offsets the trace axisdf@ather et al., 2005). This anomalous
feature of the Monchique — Madeira hotspot traclexplained either as related to (1) a
volcanism locally controlled by lithospheric distiowities or (2) magmatism, possibly

related to a weak pulsating plume (Merle et al,@@Beldmacher et al., 2005). In addiction,
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the interaction of volcanism with tectonic processearby the plate boundary is still not yet

well understood because of the scarce informatimuiits submerged part.

1.2 Objectives

Aim of this work is to understand the tectonic mesesat crustal and lithospheric
scale acting in the area from the onset of the countekalise rotation of Iberia, during
Oligocene, and the consequent reactivation of therds Gibraltar plate boundary between
Iberia and Africa. The rotation of Iberia causedeasion in the Bay of Biscay and the
reactivation of a compressive stress regime oftsI8W Iberia and in the Gulf of Cadiz. This
study intend mainly to enlighten the processeswaie active during this compressive stage.

In this work, the interaction between tectonic iegttand the alkaline hotspot
volcanism belonging to the Madeira — Monchique &olc provinceis also analyzed. This
volcanism ispresent in the area from Late Cretaceous in Soattugal to Recent at the
Madeira archipelago.

Furthermore, in this study the deformation assediap the WNW-ESE-oriented
dextral strike-slip movement across the Gibraltecretionary prism in the vicinity of the

Moroccan coast is analyzed.

1.3 Structure of thework

This thesis is constituted by seven chapters. Adtgeneral introduction on the study area
(chapter 1), the principal data and methodologyl uke&ing this work are shown in chapter 2.

Geological and Geomorphological setting of the gtaika are treated in chapter 3. Chapter 4
presents a paper “submitted to Geology” focusethermode of deformation acting near the

Plate boundary, from Eocene to Pleistocene, whilapfer 5, contains a work on the tectonic

process acting in this sector from PleistocenedoeRt, along and in the vicinity of the WNW
13



— ESE SWIM faults, on the plate boundary offshorerdéco. The following chapter 6,
presents a paper concerning volcanism episodesetaied to the opening of the Atlantic
Ocean and examine the interaction of this volcamsth the tectonic processes acting in the

area. This paper is submitted to Terra Nova. Thim m@nclusions of this work are discussed

in Chapter 7.
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2 Data and methodology

2.1 Swath bathymetry

In the last decade the Gulf of Cadiz has been sintety investigated. One of the major
outcomes of these researches was the publicatidghedBathymetry of the Gulf of Cadiz,
North-East Atlantic: the SWIM multibeam compilatiofZitellini et al., 2009). This map is
the result of a collaboration with several Europeaad Italian scientific partners, 19 surveys
for more than 200 days (Enclosure 1). The map wals foom a dtm with 100 m x 100 m
cells resolution and the digital data are availairidine as supplementary material with cells

resolution of 250 m x 250 m.

Model RESON SeaBat 8160
Operating frequency: 50 KHz

Swath angle: 150°

Operating Depth: 5—3000 mt

Beam number: 126

1.4 cm with range until 750 m

Vertical resolution: 2.9 cm with range between 1000 m and 1500 m

8.6 cm with range between 1500 m and 2500 m

TABLE 2.1 Technical parameter of the RESON multibeam systérthe R/V Urania during the
NEAREST cruises.

15



Two of the surveys mentioned above were the Ne2@¥t and Nearest 2008 cruises carried
out in the frame of the European project NEARE®tp(//nearest.bo.ismar.cnr)it Two
bathymetric surveys were acquired and began pdineotompilation. The research cruise was
carried out with the 61 meter RMrania, owned and operated by SO.PRO.MAR. and on
long-term lease to CNR. | had the opportunity tambéoard and to acquire and reprocess the
data at the&Centro di Calcoldacilities in ISMAR-Bo.

R/V Urania was equipped with a RESON 8160 multibeam systemisaaDGPS FUGRO
positioning system. The navigation and the bathyimedcquisition was done with the
PDS2000 software by RESON. During the acquisitidib@asts were performed to calibrate
the Sound velocity values on the acquisition soféendable 2.1).

The data was stored in SIMRAD binary format (*.atl)be reprocessed by the most common
bathymetric processing software. To reprocess #te Hused the: NEPTUNE / Konsgberg,
CARAIBES / Ifremer and MB system / Columbia Univgrs(Caress and Chayes, 2009)
softwares. After reprocess classical digital term@odel (dtm) are built using GMT (Wessel
and Smith, 1995 & 1998) to make bathymetric map.

NEAREST 2007 survey was done on the South Porteguwestinental shelf offshore
Portimao (Fig. 2.1.1). This survey covers 400%lofithe external continental shelf and the
first part of the continental slope at depth betw&80 m bsl and 300 m bsl. The shelf is
characterized by a general flat morphology, somesheterrupted by meter scale high
hundreds meters long, bedrock ridges. The soutimamgin of the continental shelf and the
slope characterized by the head of three smallateéctanyons. These develop on a 11° dip
slope and connect to the continental shelf thraugtructural flat area at 300 m bsl.

The results of NEAREST 2008 survey offshore Moroeze presented and discussed on

chapter 5.
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Figure2.1.1 NEAREST 2007 survey, bathymetric shaded relief (@goured area: 25 m x 25 m cell
size resolution). Blue bathymetry from Gulf of Cadilultibeam Compilation (Zitellini et al., 2009)
100 m x 100 m grid resolution.

2.2 High-resolution CHIRP seismic

Hull-mounted and towed sub-bottom profilers havedmee common within the academic
community and are typically acquired during higeal@tion multibeam bathymetric surveys.
Sub-bottom profilers emit a chirp signal that cleteeized by frequencies of 3-7 KHz which
often penetrates the bottom 100 meters or more-b8ttbm profilers get more deep
penetration with low frequency, thus a chirp ceriitequency near the “old” 3.5 kilohertz is
generally used (Henkart, 2009).

The high-resolution sub-bottom seismic data, aeguiduring NEAREST 2007 and 2008
cruises with a BENTHOS CHIRP Il (Table 2.2), weneqessed with SeisPrho (ISMAR)

software (Gasperini and Stanghellini, 2009). Thegpem allows the users to handle SEG-Y
17



data files (and other non-standard formats) cagrgmt a processing sequence over the data to
obtain, as a final result, bitmap images of seissaictions. The resulting images have been
interpreted on screen or printed, then the intéapicn was reported on cartographic software
as QGis or GMT. During this three years a largalate of sub bottom lines acquired during

several oceanographic cruises has been creategl @stsoftware.

Factory Benthos

Model Chirp 1l

Installation Hull mounted

Number of transducers 16

Transducers type AT 471

Signal generator / DSP CAP-6600 Chirp Il Workstatio
DSP Sonar Signal Processing 16 bit A/D, continuekis
Operating sweep frequency 2—-7kHz

Ping rate Variable, operator selectable (max 18/pét)
Sweep Length Variable, operator selectable
Multiping option yes

Gain Automatic gain control

Bottom tracking Interactive

Navigation / Annotation NMEA 0183

Data format SEGY

Printer Alden

Acquisition software SwanPRO / ChirpScan I
Processing software SeisPRO / SwanPRO
Location controller / recorder Recording room (ro#rs25)

Table 2.2 CHIRP seismic sub bottom profiler on board RJkania during NEAREST cruises.
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During this period | had the chance to take parwno oceanographic surveys, the Nearest
2007 and Nearest 2008 cruises, in the area of thieoGCadiz and to acquire directly Chirp
data helpful to my study. In particular CHIRP dhtve been used for the geo-morphological
interpretation of the NEARESTO08 Morocco bathymetsigrvey (chapter 5) and for the

geological interpretation of the Coral Patch seam@chapter 6).
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2.3 Seismic reflection data

2D seismic multichannel (MCS) data have been taerdataset used in this work.
ISMAR-BO participated in the last 20 years to salénternational and national scientific
projects during which a large dataset of seismiediwas acquired (Fig. 2.3.1). Data available
and interpreted during this thesis belong to sévawavey: RIFANO 1992 (Sartori et al.,
1994), BIGSET 1998 (Zitellini et al., 2004 a), VOAIRE 2004 (Zitellini et al., 2004 b),
IAM 1993 (Banda et al.,, 1995), SWIM 06, SISMAR 20QContrucci et al., 2004) and

ONHYM-ONAREP 1987 (Flinch, 1993).

Figure 2.3.1 Seismic lines dataset collected in the last 15syabISMAR for the area offshore SW
Iberia. TP: Tagus abyssal Plain; GB: Gorringe BatR; Horseshoe abyssal Plain; CP: Coral Patch;
SP: Seine abyssal Plain; GAP: Gibraltar Accretipriarism. Red line: Seismic ARO7 line in Fig.
2.4.2.
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Seismic interpretation is based on the recogniaifgults and unconformities, seismic facies
and reflectors termination (Payton, 1977). Seidiantes are defined on the basis of change in
reflection style including continuity, wavelengthcaamplitude (Mitchum et al., 1977; Bally

1987).

Figure 2.3.2 Seismic line AR 07 and 3D view bathymetry of thelfG®f Cadiz. (SW to NE view).
Vertical scale in second Two way Time. For locasee Fig. 2.4.1.

In particular for this thesis about 5000 km of M@@re interpreted. The review of these
seismic dataset collected in the last 15 yearSBIAR-BO permits to directly correlate, for
the first time, the principal regional unconformitythe three main basins of the area, Seine,
Horseshoe and Tagus Abyssal plains. In turn, flesva to correlate the main tectonic events
and their temporal development on the whole ocedoimain of the Gulf of Cadiz. The
constraining of the temporal evolution of the miaatonic events, at regional scale, permits
to better understand the events responsible ofthie geological structures in the area at

lithospheric scale.
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3 Geomorphological, structural and geophysical setting of the Gulf of Cadiz

3.1 Structural Settings

Kinematic model proposed in the last 10 years (Rixsein et al., 2002; Schettino & Scotese
2005) shows that the Gulf of Cadiz area was chariaeid by a poliphasic tectonic regime
from the onset of Atlantic oceanization to Recent.

Palinspastic restoration, based on the study ofarace magnetic anomaly lineations

(Srivastava et al., 1990), show how the Eurasidricé plate boundary (Fig. 3.1.1) owns the
present day configuration only since Late Oligocamees. Since first continental break-up,

the region recorded complex plate interactionsimed! in Fig.3.1.2.

Figure 3.1.1 The Azores Gibraltar plate boundary Line (AGL); NWorth America Plate; MAR: Mid
Atlantic Ridge; TR: Terceira Ridge; GFZ: Gloria Enare Zone; SL: SWIM Lineaments; Dashed line
mark the Betic Rifean chain.

The continental margins of South Iberia and Moroémened during Jurassic continental
break-up between North America and Africa while #nestern continental margin of Iberia
formed as a result of the Cretaceous separatitnomwf North America. As a consequence, the
Tagus, Horseshoe and Seine Abyssal Plains corrddparceanic crust of Late Jurassic-Early
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Cretaceous age. Starting approximately from Chro® K125 Ma) Iberia moved
independently until Chron 34 (-85 Ma) when appeavettied to Africa. At Chron 13 (~34
Ma), contemporaneously with the Pyrenean contineaiéision, the boundary jumped again

South of Iberia and only at Chron 6 reached thegneday plate-tectonic configuration.

Figure 3.1.2 Plate kinematics reconstruction afR@sembaun et al., 2002, (in a fixed Eurasia
references). Blue arrows: movement vectors forGbeal Patch Seamount; red arrows: movements
vector for the Gorringe Bank. These two seamour@shose to enlighten the stress field acting én th

Horseshoe abyssal plain between them. Seismic peewsit to consider the Coral Patch as part of
Africa plate and Gorringe Bank as part of Iberiat@lsince the Jurassic breakup.

The Europe-Africa plate boundary now trends roudgBiyV, connecting the Azores-Triple
Junction to the Gibraltar Strait along the so chldeores-Gibraltar Line (AGL in Fig. 3.1.1).
Along this line the plate motion is divergent Eaétthe Azores with a dextral strike-slip
component, transform in the middle segment, thei&lault, and convergent to the East of

the Tore-Madeira Rise where the upper crust ap@dtasted by diffuse compression (Sartori
23



et al., 1994). At about 2.0 Ma the localizatiortlod deformation offshore Iberia started to be
focused along ESE-WNW strike-slip faults (Rosaslet 2009) controlling the present-day
plate interaction between Iberia and Africa.

Further eastward, the eastern part of the AGL igeduby deformed sediments of the
accretionary wedge related to westward-trending ceine emplacement of the Gibraltar

orogenic arc.

Figure 3.1.3 a) Stress map of the study area, dwdorstrain rate and b)Recent tectonic setting,
(bottom arrow: direction of relative movement ofrié& with respect to Iberia). GFZ: Gloria Fracture
Zone; Modified after Zitellini et al. (2009).

In the area between the Gorringe Ridge and thealéorStrait, compressive stress trends
mainly NNW-SSE with plate convergence rate of 4 mr{DeMets et al., 1994). The

Gorringe Ridge, the Coral Patch Ridge, and theesasf Abyssal hills in the Seine Abyssal
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Plain formed by northwest to southeast-trendingidting during the latest stages of the

Eurasia-Africa convergence.

3.2 Main geomor phologic features

The main morphological features of the Gulf of Qakig. 3.2.1) are described hereafter
from South to North, from the Moroccan offshoretlie West Iberia continental margin and
abyssal plain systems. The Gibraltar accretionasyrpdomain is introduced at the end of the

chapter.

Figure 3.2.1 Morpho bathymetric map of the GulCafdiz, SWIM compilation.

(LC Lisboa Canyon; TAP Tagus Abyssal Plain; SV Sacente Canyon; GB Gorringe Bank; HS
Hirondelle seamount, HAP Horseshoe Abyssal Plaii§ Ampere seamount; CP Coral Patch
seamount; CPR Coral Patch Ridge; GAP Gibraltaredicerary prism; SAP Seine abyssal plain; MP
Mazagan Plateau).

Zitellini et al. (2009) published a bathymetric qaifation map of a great part of the Gulf of
Cadiz (Fig.3.2.1 and Plate 1) merging high-resolutbathymetric surveys performed in the
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last ten years by several European Oceanograps$titubes. The results is a bathymetric map,
(100 m x 100 m grid resolution) that improved tim@kledge of the whole area.

The Moroccan Mazagan platform, West of Casablaisca,50-60 km wide continental shelf.
In this sector four DSDP site (545, 544, 546, 5#inz et al., 1982) reveal the stratigraphy
and the evolution of the continental margin showhiogv the present day continental slope is
strongly influenced by the presence of a Cretacdoowned carbonate platform buried below
it. The continental platform gently dips from theast and is abruptly interrupted by a highly
inclined slope connected to the Seine Abyssal plHn@ slope, with a mean inclination about
5°, presents a classical canyon - ridge - canyorphabogy. In several parts this escarpment
can reach slope values around 30°-40°, this stespmsulting by erosive process acting on
the old carbonate platform buried below this esoesnt.

Northwest of the Moroccan shelf there is the Séibgssal Plain. This plain, about 400 km
long x 250 km wide, has a mean depth of 4400 mcandbe divided in two parts. Toward the
West, there is a starved flat basin with only fdwyssal hills on the northern side. East of
10°30" W the plain is interrupted by ridges andshihat arise up to 3500 m bsl. Seismic data
show how these hills and ridges are of two typks:first one is formed by a regular, sub-
parallel top-thrust anticlines, the second oneorsned by isolated to aligned diapiric hills.
Ridges are commonly 10 to 20 km wide, with a maxmiength about 50 km. Diapiric
domes are generally of rounded in shape, 5 km widgg about 200-300 m from the flat
plain. On the western margin a series of roundegbesinills arise for about 200 m from the
4400 m deep, flat abyssal plain. Seismic data fevkat these structures are the
morphological expression of deep diapiric strugufliewing up to the sea-bottom (Fig.
3.2.2). These diapiric domes are aligned ENE — WSWme of these hills are also present

eastward, on the top of the Gibraltar accretionaigm.
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The presence of these diapiric structures cuttihthe@ sedimentary layers of the accretionary
prism, without sign of tectonic lateral displacemeastify the inactivity of the accretionary

prism at least at the toe of this structure.

Figure 3.2.2 MCS line ARO6 in the Seine Plain, Blwew: diapirs; Red arrow: thrust in the
accretionary prism; Yellow line: onlap unconformity

The northern part of the Seine abyssal plain ehdseatoe of the 200 km long, WSW-ENE
oriented Coral Patch Ridge. This long chain of eslgnd seamount starts from the North, at
9°30’ W - 35° 30’N, with a 1000 m high seamount a&mdis to the South with the Coral Patch
seamount. On the top of this ridge, halfway betw#®n Coral Patch seamount and the
northern Coral Patch Ridge, is located the sitB8DP 135 (see chap. 3.4). The Coral Patch
seamount, well described in chapter 6, is a largem®unt rising 3800 m from the
surrounding abyssal plains. On the top at leasé nuell preserved volcanic edifices are
present. The slopes of the seamount are steep teardcterized by gully-like scours and
gravitative phenomena. To the west, the Coral Pigtcbnnected through a thin saddle to the
Ampere seamount. This is a volcanic seamount rismgo 250 m bsl with a classical conic
volcanic shape down to 1000 m bsl. The basal gatteoAmpere seamount is elongated in a
WSW-ENE direction as the Coral Patch. The Amper# @oral Patch Ridge separates the
Seine abyssal plain from the Horseshoe Abyssah PTdiis is long 300 km with a mean width

of 65 km, is elongated toward NE with depth randgmogn 4750 m and 4900 m bsl. Only few
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abyssal hills rise from the HAP in the eastern @ecthese hills seem to be aligned from
WNW to ESE; they have been interpreted by Rosas ¢2009) and Zitellini et al. (2009) as

the morphological expression in the area of a é&tascurrent faults, the SWIM lineaments,
crosscutting all the Gulf of Cadiz from the Glofault to the Moroccan coast. The Western
termination of the Horseshoe Abyssal Plain corradpdo the Tore Madeira Rise, formed by

a series of seamounts and abyssal hills, rouglgped N-S.

Figure 3.2.3 Gorringe Bank shaded relief map, Mercator Projectimordinates in meters. White box
location of Figure 3.2.4.

The Horseshoe Abyssal Plain is bounded to the Noyrtthe impressive slope of the Gorringe
Bank and Hirondelle Seamount. The Gorringe Barg&k4800 m high seamount elongated SW
- NE, 200 km long and 80 km wide. The top is madeotitwo main reliefs, the Gettisburg
seamount on the southwestern part, and the Ormsgataount on the northeastern end, both

rising up to 50 m bsl. In between it is located s$ites of DSDP 120 (see chap. 3.4), the two
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peaks have a flat top surface because of winnogingess during last glaciations; observed
morphologies suggest the presence of outcrops eofstitbstratum. The North flank of the
Gorringe is characterized by a slope with a meahnation varying between 7° ad 10°. On
this slope a giant landslide is present, with teachescarpment at 2500 m bsl, 20 km wide
(Fig. 3.2.3, 3.2.4). The toe deposit of the sl&l@® km wide on the northern abyssal plain, at
5000 m bsl. The slide surface is around 356 & it is long 45 km from the hinge of the
head escarpment to the toe of the accumulation. Zidme source area is 20 km long and is

from 15 to 20 km wide.

Figure 3.24 Giant Slide on the Northern flank of the GorrinBank. Red line: headwall; Black
dashed line: Toe deposit. Vertical exaggerationld&ation on figure 3.2.3.

The Hirondelle seamount, bounds the North westeatos of the Horseshoe Abyssal Plain
West of the Gorringe Bank, it arises 2000 m frone #djacent abyssal plains and is
characterized by elongated SW-NE small ridges, gdsbpbdue to the accretion of new oceanic
crust during the initial stage of the oceanizati@overe et al., 2004). Moreover, the

Hirondelle is crosscut by a linear depression edgenfrom the NW sector to ESE, this
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depression is interpreted as part of the SWIM trasat lineaments (Zitellini et al., 2009).
Unfortunately, westward to the Hirondelle, the wwagbathymetric data are the Gebco
predicted topography (Sandwell and Smith, 1997) dioanot have the resolution sufficient to
check the westward continuation of the SWIM lineatae

North of Gorringe Bank and Hirondelle seamounts, deepest abyssal plain of the area, the
Tagus Abyssal Plain, is present. This plain hassamdepth of 5000 m bsl and is bounded to
the East by the Iberian continental slope. No paldr features are detected at the sea-bottom
on this extremely flat plain. The West Iberia Caeptital margin, instead, shows many of
different morphological structures. In this worktaken into consideration the part comprised
between the Lisbon Canyon to the North and the i€erife Canyon to the south. Lisbon
Canyon, as well as the Cape S. Vicente Canyonssiarthe continental platform and reaches
the abyssal plain acting as a connector for theosiastic sediment transport from land to the
distal abyssal systems (Purdy, 1975).

The South Iberian continental platform starts EdsCape S. Vicente. It can be divided into
two main levels at different depth. From the coadten represented by high-cliffs and
Ercinian basements outcrops, a first gently slopphatform extends for ten to twenty
kilometers to a depth of 120 m, then, below, a sdcsub-horizontal platform at depth
between 200 and 700 m is present (Terrinha et98I8;1Rovere et al, 2002). The continental
shelf morphology down to -120 m bsl is influencgdHycinian substratum outcrops between
Cape S. Vicente and Faro lagoon. The two set aé@laare formed by prograding neogenic
units and then influenced by the strong Mediteraan®utflow Water (MOW) current.

Both the Iberian and the Moroccan platforms tern@n the East against the Gibraltar
Accretionary Prism. This is the offshore continaatiof the Betic-Rifean arc. Overall, the
accretionary wedge is characterized by a mean ratelstope (<2° in general). However,

along its external and internal boundaries thelseatan locally reach slopes up to 10°. The
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surface appears scattered by large sub-circularrs@nd depressions (Rosas et al., 2009).
Seismic data show that this morphology is the seriexpression of the geological thrust and
fold structures of the wedge, covered by few medéneecent sediments. The North-Eastern
sector of the Gibraltar Accretionary Wedge is a$fected by the Mediterranean Outflow
Water current that models and control the localmsedt fabric and transport, in fact many
conturite fields are present. The central sectothef prism shows two lobes. The lower
boundary of these two lobes corresponds approxiynadghe -2000 m bathymetric contour,
and they are marked by arcuate bands of steepn@r@Q°) slopes. The southern lobe
presents several elongated WNW-ESE lineamentsnguttie sea-bottom. These lineaments
are part of the SWIM lineaments of Zitellini et 2009. They cut all the prism from the HAP
to the Moroccan margin. Lineaments in this sectdluenced and drove the gravitational

bodies that in several place are confined by théskbV — ESE oriented lineaments.

31



3.3 Gravimetric data

Gravity data have been used to investigate crdstiasity variation. The Sandwell and Smith
altimetry derived Free Air Anomaly (Sandwell and iBm 1997) and the Multibeam
topographic data have been used for the gravitgrsion. The gravimetric processing was
done atINGV La Spezia institute. First the gravity-bathymetric corretatiwas determined
using the Nettleton approach in order to compugebist crustal density for Parker inversion;
this method gave a 2600 g/@ms mean crustal density. Next, the predictableasigue to

water/crust and crust/mantle boundaries were retchtreen the Free Air Anomaly.

Figure 3.3.1 Free Air Anomaly (Sandwell and SmitB97), for the multibeam compilation

area
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This was done by using a crustal layer boundedhbydpography and by a flat 14 km depth
Moho. Finally a modified Parker algorithm (Caratdrontini et al., 2008) was used to
compute crustal lateral density variation. The engdensity variation is between 2.0 and
3.1 g/lcm.These are preliminary results. In fact seismi liwill be used to constrain
sediment/basement and crustal/mantle bounderi@sler to perform new gravity inversion.

The gravimetric data are used to validate the d$ipheric folding model presented on chapter 4.

Figure 3.3.1: Bouguer anomaly, corrected for the Gulf of Caslighymetric Compilatio, UTM 29
Projection.
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Figure 3.3.3: Crustal density variation computed using the @airdt Tontini (2008) algorithm.
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3.4DSDP
The Atlantic continental margin between North Iaeand Morocco was matter of several
studies implying ODP, IODP and DSDP project. Intigatar 4 zones were drilled on 27 sites

during several leg of this projects.

Figure 3.4.1 Location map of DSDP drilling sites: DSDP 120 &n8DP 135; TP: Tagus abyssal
Plain; HP: Horseshoe abyssal Plain; SP: Seine abiyptain.

The main topic of the drilling project was to stutig mode of rifting, subsequent drifting and
complete oceanization of the Atlantic Sea, thatuoed from the late Jurassic to middle
Cretaceous. In particular from North to South tredifta Margin (ODP sites 103, 149, 173,

637, 638, 639, 641, 398, 897, 898, 899, 900, 9065,11067, 1068, 1069, 1070, 1276, 1277
Boillot et al., 1985; Sawyer et al., 1994; Whitntaet al., 1998), the Gorringe Bank (DSDP
120) the Coral Patch Ridge (DSDP 135) and the MmodJargin (DSDP sites 370, 544,

545, 546, 547) were drilled between 1970 and 2001.

Two DSDP (120 and 135) wells drilled in the Gulf@&diz (Figures: 3.4.1, 3.3.2, 3.4.3) are

used in this work to calibrate and correlate seisistratigraphic interpretation.
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Figure 3.4.2 schematic stratigraphy

The well DSDP 120 (Ryan et al. 1973), located ad3688'N 11°25.938'W on the northern
flank of the Gorringe Bank, reach a depth of 258.&#/om the sea bottom (Fig 3.4.2). During
the drilling, because of technical problem, onlyc@e fragments were recovered, so the
sampled material was only the 19.8% of the totadlle of the well.

At DSDP 120, Lower-Middle Miocene and Lower Cretace (Albian, Aptian, Barremian)
gray and green, partly silicified nannofossil oozesre cored. The inferred stratigraphic
section (Fig. 3.4.2) contains two significant unfoomities: () a hiatus in bathypelagic
sedimentation between Cretaceous and Miocene; n(Zabaupt change in sediment facies
across this unconformity, silicified nannofossilzeoyielding poor assemblages of planktonic
foraminifera (suggestive of original deposition nea below the lysocline) and younger
chalks and oozes unaffected by solution with riiterse assemblage.

The well reached the basement at 251.7 m belowsahebottom, the basement rocks consist
of spilitic basalt, serpentinite, and meta-gabbrbis ophiolitic rock give a radiometric

Giurassic age.
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Figure 3.4.3 DSDP 135 schematic stratigraphy

The well DSDP 135 (Hayes et al. 1972), located=23.802'N 10°25.458'W on the Coral

Patch Ridge, drilled 687 m of recent to Aptian seghts (Fig 3.4.3) and did not reach the
basement.

The upper part of the core consist of 325 m ofar@ous mud from Pleistocene to Recent in
age. Under this unit pelagic sediments with litlrbonate fraction and terrigenous quartz
dominated sediment are recovered. The bottom panedDSDP 135 is characterized, below
560 m, again by calcareous sediments, Aptian in Ageajor unconformity is represented by

a hiatus in the sedimentation between Oligocendppr Eocene.
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ABSTRACT

Quantitative analysis of deep penetrating multircte seismic (MCS) lines, supplemented
by gravity data, documents the fine structure dfaiplate deformation adjacent to the
convergent Europe-Africa plate boundary offshorér@tar, Central Atlantic. In the brittle

lithosphere, the deformation is expressed by criiskding with the development of 30-190

km wide large wavelength synclines, bounded bytshawvelength anticlines. The synclines
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are almost symmetrical with wavelengths charadterisither for coupled or decoupled
lithosphere. The spatial characteristics of theodeétion show a striking similarity with the
intraplate deformation in the northeastern Indiace&h in terms of inferred mantle
wavelengths. In contrast, the observation thabhénGulf of Cadiz only syncline structures are
well expressed, suggests that gravity preventsfoheation of anticlines of the same
wavelength during the first stages of plate coneecg, and only later one vergence will

prevail, as in the Indian Ocean.

INTRODUCTION

Since the discovery of intraplate deformation ie tbrm of oceanic lithospheric folding in the
Northeastern Indian Ocean, numerous studies haxeded evidence in support of this style
of deformation in several areas around the globg. (8tephenson and Lambeck, 1985;
Stephenson and Cloetingh, 1991; Burov et al., 1888g and Podlachikov, 1999; Cloetingh
et al., 1999). Most of these studies have addre&ddiuhg in continental lithosphere since,
due to its mechanical stratification, continenitiidsphere is in general more prone to folding
than oceanic lithosphere (Sokoutis et al., 200®weler, studies of continental lithosphere
folding have been hampered by sub-aerial erosioroveng part of the record of associated
vertical motions and wiping out much of the higheuency, short-wavelength records of
folding (Cloetingh et al., 1999). Oceanic lithospha@nd offshore rifted margin lithosphere
has no such drawbacks, allowing the determinatibrthe full spectrum of intraplate
wavelengths due to folding. Due to its high strandolding of oceanic lithosphere requires
high stress levels such as observed in the Indate |see also Cloetingh and Wortel, 1985,
Stein et al, 1989). Similar high stress levelslikedy generated also in the proximity of plate
boundaries in contrast to the interiors of oceatates where exceptionally high stress levels
are generally not observed. Lithosphere regionacadt to plate boundaries may thus be

likely candidates for folding in oceanic domainse \Wesent the results of a new quantitative
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analysis of a set of MCS profiles offshore SW ladfig.1), acquired parallel to the motion
vector of Africa with respect to Iberia. The da#d, ollected during the AR92 R/V Explora
Cruise (Sartori et al., 1994), provides new evidefar folding of continental and oceanic

lithosphere.

GEOLOGICAL SETTING

Palinspastic restorations (Plate 1), based on aze@agnetic anomaly lineations (Srivastava
et al., 1990), show that the Eurasia/Africa platarmary underwent complex plate
interactions, acquiring its present configuratioyasince late Oligocene times (Plate 1h).
The continental margins of South Iberia and Mordoemed during Jurassic continental
break-up between North America and Africa while wesstern continental margin of Iberia
formed as a result of the Cretaceous separatioveleet Iberia and North America (Plate 1c).
As a consequence, the Tagus, Horseshoe and Seyssallains correspond to oceanic
crust of Late Jurassic-Early Cretaceous age.

In the Atlantic, the Europe-Africa plate boundaPate 1h) now trends roughly E-W,
connecting the Azores-Triple Junction to the GifaraGtrait along the so-called Azores-
Gibraltar Line (AGL). Along this line, plate motiaa divergent east of the Azores, transform
in the middle segment (Gloria fault), and convetderthe east of the Tore-Madeira Ridge
where the upper crust appears affected by diffosgpcession (Sartori et al., 1994) with plate
convergence of 4 mm/y (DeMets et al., 1994). Furdastward, the termination of the AGL
is buried by the deformed sediments related towaast Miocene emplacement of the
Gibraltar orogenic arc (Fig.1). During the Eocersgd_Pliocene stages of Eurasia-Africa
convergence, northwest and southeast directedtithgusriginated the Gorringe Ridge, the
Coral Patch Ridge and the series of abyssal hillke Seine Abyssal Plain (Zitellini et al.,

2009). At about 2.0 Ma (Rosas et al., in press)dbalization of the deformation offshore
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Iberia started to be focused along ESE-WNW strlkefaults controlling the present-day

plate interaction between Iberia and Africa (Zitelet al., 2009).

DEFORMATION OFF SW IBERIA: CONSTRAINTSFROM MCSDATA

The seafloor off SW Iberia and in the Gulf of Cadlias attracted considerable attention
during the last decade (Sartori et al. 1994; Hagwetr al. 1999; Gutscher et al., 2002;
Terrinha et al., 2003; Gracia et al., 2003; Medialet al., 2004; Zitellini et al. 2001, 2004)
due to the occurrence of pronounced anomalous taphyg. The area is also considered to be
the source area of the 1755 Lisbon earthquakeeg(Ala}. Spectacular features include the
Gorringe Bank, a large uplifted block of oceanicntia characterized by shallow-depth
peridotite outcrops, and by one of the largest dj@miomalies of the oceans (Bergeron and
Bonin, 1991).

Figure 1 displays line drawings of three parallaC#lines exhibiting the spatial variation of
the deformation pattern of the area. Line AR10 emgasses the deformation of the thinned
continental margin offshore SW Iberia. Lines AR@-@nd ARO07 comprise the full
deformation zone of the oceanic domain, situatgvéen the undeformed sediments of the

Tagus and Seine Abyssal Plains.

Line AR10 (Fig.1 and Plate 1j) shows the deformation duEuwmpe-Africa convergence of
Late Jurassic-Early Cretaceous thinned continemtedt of the rifted SW Iberia margin that
began in the Eocene. The seismic line shows treepoe of a large syncline bounded by two
top thrust anticlines witbpposing, outward verging, thrust planes. The wadtthis structure
measured from the two opposite bounding faulti&en (Fig.1) with peak to peak distance
between the bounding anticlines of 63 km. The twortding faults, as shown in Plate 1, are

at high angle throughout the sediment cover andblamd thrusts, not reaching the surface. In
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the upper crust however, they propagate at lowgteawith a dip of 24° (Zitellini et. al.,
2001). The bounding faults merge on a common, dlogzontal, detachment fault at 11
sec. TWT depth, at approximately 18 km, where thehguake activity of the structure is
concentrated. Zitellini et al. (2001) interpretddsthorizon as an intra-crustal decoupling
level.

Within the sedimentary cover, which is approximatglsec TWT thick and which records
presently active shortening (Zitellini et al., 200the unconformity that marks the onset of
compression can be recognized (Plate 1, shot p&i0d, 5s depth). Most of the deformation
is concentrated on the bounding anticline strustushile the intervening syncline, once
formed, remained practically undeformed, becomingnaportant regional basin depocenter.
At present, however, no clastic sedimentation acasra result of compression induced uplift

that triggered the formation of the San Vicente yoanwithin the syncline axis (Plate 1)).

Line ARO3-08 connects the Gorringe Bank with the Coral PatatigRi(Fig. 1i). These two

parallel ridges can be regarded as analogues,latgar scale, of the anticline structures
described above. The Gorringe/Coral Patch ridges sihhortening accommodated mainly by
two, inward directed faults bounding a less defatmwide, syncline. The peak to peak
distance of the anticlines is about 165 Km. At@wringe Bank the bounding thrust exposes
mantle rocks, implying lithospheric, low angle depbng whereas at the Coral Patch Ridge
the bounding fault increases its dip upward, withoeaching the surface, similar to the
previous AR10 line case. The occurrence of mardtkg at the Gorringe Ridge can be
explained if the seafloor was floored by peridotiexhumed during the initial stages of
Cretaceous separation between Iberia and North iBajeas in the Galicia Bank (Rovere et
al., 2004). Deformation across the Gorringe-ComtcP ended during Middle-Late Miocene
as indicated by the on-lapping sedimentary unitthefTagus and Horseshoe (HS) Abyssal

Plains (Zitellini et al., 2004). As in line AR10hg syncline become a basin depocenter,
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storing 3 km of syn-post deformation sedimentanya$its. Once more, we observe that most
of the brittle deformation is concentrated at treurding anticline structures while the
syncline did not experience important deformatibine vertical set of faults cross-cutting the
HS Plain are related to later dextral strike-sliption (Zitellini et al., 2009) that started later,

at the end of Pliocene time (2.0 Ma).

Line AROQ7 illustrates the deformation that occurred on th® Ma old (Srivastava et

al.,1990), Late-Jurassic, oceanic crust of the &eitain, 200 km offshore Morocco.

Expressed as a set of parallel folds emerging ftwerSeine Plain, the deformation took place
from Eocene until Late Pliocene. In section, thespnce of a large syncline is observed
which encompasses and contains a smaller one. Ageiprevious cases, the synclines are
confined laterally by a set of opposite verginghhangle inverse faults, marked by anticlines
(Fig.1 and Plate 1I). The spatial separation betvite® bounding anticlines of the same order
is 82 km and 34 km. The onset of folding and fagltis recorded by a regional unconformity
for the larger structure and by a local unconfoyrfor the smaller one. The relations between
these unconformities show that deformation moveudatd the centre (centripetal) in time.

However, once formed the larger and the smalleicgires grow together. In this sector the
onset of the compressional stage is synchronoustiét onset of deformation in the HS area,
as shown by the good correlation of a region-wpde;folding unit. A regional unconformity

marks the end of the major stage of compressiaaha@it 2 Ma, when deformation focused in

the HS plain transcurrent structures (Zitellinagt2009).

DISCUSSION AND CONCLUSIONS
The seismic sections reveal that deformation inbtitte lithosphere is expressed as a
set of large synclines possessing variable wavéien@-ig. 1). These are bordered by short

wavelength anticlines generated above two antthbtust faults dipping inward, towards the
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syncline axis. Deformation of synclines with relaty shorter wavelengths involve the Late
Jurassic continental crust of the Iberian contiaemargin (Line AR10) and the Jurassic
oceanic crust offshore the Moroccan margin in thené& Plain (Line ARO7). Larger
wavelength deformation appears to be restrictedth® oceanic lithosphere of the
Gorringe/Coral Patch region (Lines Ar03-08able 1 summarizes the main characteristics of
these structures. We term these structure “Drakgaen their close similarity with the hull
of the Viking ships.

Gravity data furnish the means to explore the §iitere character of the Drakkar
structures. In particular, lateral density variaicare mirrored by the long wavelength of the
gravity field (Cloetingh et al., 1999). Free-airagity anomalies of the region (Plate 1b)
appear directly correlated with the longer wavetbrigpographic structures of the area (Plate
la). In fact, the pronounced positive gravity anli@saover the Gorringe Bank and the Coral
Patch ridge are separated by a gravity low, coomrding to the syncline that connects them.
In contrast, the shorter wavelength Drakkar stmestisuch as the set of folds in the Seine
plain do not display any direct gravimetric cortela. This is an indication that the Drakkar
structures of the Gorringe/ Coral-Patch pair arefmonable with the deep lithosphere
deformation, while the short wavelength tectonifod®ation occurring in the Seine Plain
implies decoupling between the upper oceanic @mdtthe mantle.

Figure 2displays folding wavelengths against the therma&sagf the lithosphere as
observed offshore SW Iberia together with otherudeented studies. There is a good
correlation between the wavelengths and the themmgaks of the Drakkar structures for
different decoupling levels that have been infeffredn MCS data. Besides the 18 km deep
intra-crustal decoupling level along the continémargin of SW Iberia, Figure 2 reveals that
two decoupling levels act in the Seine Plain, oft@iw the crust and one deeper at the crust-
mantle transition. The Gorringe-Coral patch streetinstead resides in the coupled crust-

mantle field.
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Despite the general agreement between field dadapagvious theoretical models for the
lithospheric folding wavelength in the upper cruat,substantial divergence is observed
between folding models and the Drakkar structu@kssical models, in fact, predict
deformation made up of synclines and anticlineswibnstant wavelength (Fig. 3a,c). We
observe only the syncline development with deforomatocused on the bounding top thrust
anticlines with slight deformation within them deetched in Fig. 3b,d. In the Gulf of Cadiz
this occurs both in coupled and in mechanicallyodeted lithosphere (Fig.2), suggesting that
syncline development forms the principal mode bycWwhhe upper lithosphere responds to
lithospheric folding during the initial stage ofrapressional deformatiofThis is also shown
by Burov and Cloetingh (2009) (Figure DR-1) whictegents the results of a numerical
model for folding of a weak lithosphere similarthe case of the offshore Iberian margin (i.e.
Line AR10); although generalized in terms of addptening, erosion and sedimentation
rates, the model predicts that, in this rheologjcatate, asymmetric anticlines-synclines
structures can develop similar to those obseméld study area.

The most obvious force preventing the full devetept of anticlines is gravity, both
for mechanically coupled and uncoupled lithosphbteanwhile, the sedimentary load of this
basin can, as gravity, enhance the developmerteo$ynclines. An immediate consequence
of this mechanical behavior of the upper lithospherthe generation of almost symmetrical,
barely deformed basins, of particularly large disiens in cases of mechanically coupled

lithosphere, which are predicted to occur durirgyftrst stage of plate convergence.
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FIGURE CAPTIONS

Figure 1. Sketch map of the studied area with line dravahdeep seismic reflection profiles

showing the major compressional structures. Thesliare located parallel to plate motion
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direction active from Eocene to Late Pliocene. irsb®ws the bathymetry of the studied area

(Data from GEBCQ97 Digital Atlas Web site:www.gebwget) with toponyms.

Figure 2. Comparison of observed (solid square, circle amaahgle) wavelengths of folding
offshore Iberia with theoretical predictions foreaaic lithosphere (McAdoo and Sandwell,
1985) in the absence (solid line) or presence €doline) of a thick sedimentary column
(representative for the intraplate area in the N&an Ocean) and continental lithosphere
(gray bands) (Cloetingh et al., 1999). Also showndomparison are other estimates (open
squares, circles and triangles) for wavelengthsuah@nted from geological and geophysical
studies (Arctic Canada: Stephenson and Cloeting®];1Central Asia: Nikishin et al., 1993;
Britany: Bonnet et al., 2000; Mainland Iberia: Glogh et al., 2002, NE Indian Ocean:
McAdoo and Sandwell, 1985; Stein et al., 1989).hBotfshore Iberia (solid square and
circle) and mainland southern Iberia (open solidasg and circle) are characterized by
separate dominant wavelengths for crust and mdoliks, reflecting decoupled modes of
lithosphere folding. Note the similarity in wavetgh of the inferred folding in the Gorringe

Bank and Ampere Patch area (solid triangle) andCeémral Indian Ocean (open triangle).

Figure 3. Four modes of continental folding: a) Folding adupled oceanic lithosphere,
typical for the NE Indian Ocean (McAdoo and Sandwi)85; Stein et al., 1989); b) Folding
of partially decoupled oceanic lithosphere, witlp@ssible decollement between crust and
upper mantle at oceanic Moho depths. Activatioredels on the degree of shortening and the
magnitude of horizontal stress, which can leadh® development of large-scale synclinal
deformation as observed in the Gorringe-Coral Patel in the far field of the Africa-Iberia
plate boundary (see Figs 1 and 2, line AR03-08yelsas to decoupled crustal scale folding
in the area offshore Morocco closer to the Afribarla plate boundary (see Figs 1 and 2, line

AROQ7); c) Decoupled continental lithosphere foldwgh separate wavelengths for crustal
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and upper mantle folding such as observed in maihBouthern Iberia (Cloetingh et al.,
2002); d) Folding of decoupled rifted Cretaceoustioc@ntal margin lithosphere characteristic

for offshore Iberia (see Figs. 1 and 2, line AR10).

Tablel
Constraints on timing, shortening rate and thernsztmanical age of lithosphere in the Gulf

of Cadiz.

Plate 1 (a) Bathymetry of the Gulf of Cadiz and offshore $Wéria (Data from GEBCO97
Digital Atlas Web site:www.gebco.net). Solid thidknes mark the locations of deep
penetration seismic profiles shown in Fig.1 andePia solid thin line marks the boundary of
Gibraltar accretionary prism. Arrows show the rigatmotion between Europe and Africa.
Star shows location of the 1755 Lisbon Earthquakeeater. (b) Free-air gravity map of the
area (Sandwell and Smith,1997), color bar in m@ah) Jurassic to Present Plate tectonic
reconstruction modified after Srivastava et al. 9@ (i-I) Time-migrated seismic lines
AR92-3, AR92-8, AR92-7 and AR92-10, and interprietat modified after Sartori et al.

(1994).

Repository Data Figure Captions:

Figure DR-1. A numerical model (Burov and Cloetingh, 2009) dfifog of weak lithosphere

of thermo-tectonic age and initial structure reskmgbthe case of the line AR10 (visco-
elastic-plastic rheology) with quartz-dominated strand olivine-dominated mantle. Note
initially harmonic character of deformation thatoexes in asymmetric folding during later

stages. Note that these results should be coesiderillustrative only for the key features of
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the observed intraplate deformation as the adoggeedmentation rates and timing are only a

first order approximation of the characteristicshodf study area.
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Zitellini et al., Figure 1, Zitellini_Fig_1.tif
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TABLE 1 CHARACTERISTICS INTRAPLATE DEFORMATION

Line ARO7 Line AR10 Line ARO3-08

1 Age Lithosphere (Ma) 160 150 150-120
Timing Compressional

2 | Reactivation (Ma) 55-2 550 55-15
Thermo-Mechanical Age at

3 onset of Deformation (Ma) 105 65 65
Timing Trascurrent Motion

4 Initiation (Ma) 2 2 2

5 Wavelength & (km) 82/25 63 165

6 Shortening (km) 8/3 20

7 Strain-Rate (s-1) 2:10 15

8 Mechanical Thichess H (km) 9 18 10

9 Max Thicness Sediments 3 3 3
(km)

10 | Ratio AW/H 9/3 35 16

Zitellini et al., Table DR-1, Zitellini_Table_1.tif
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5 Recent development of the Eurasia-Africa Plate Boundary offshore Morocco

5.1 Introduction

The Iberia Africa plate boundary was interpretedaadiffuse plate boundary in the last 15
years (Sartori et al., 1994itellini et al., 1999; Maldonado et al., 1999 tScher et al., 2002;
Gracia et al., 2003; Gutsher, 2004, Zitellini ef 2001, 2004; Medialdea et al., 2004). Recent
high-resolution swath bathymetry compilation of Balf of Cadiz (Fig. 5.1.1 and Plate 1,

Zitellini et al., 2009)

Figure 5.1.1 Gibraltar accretionary prism shaded relief; A: Afraiche mud volcano fiel; B:
NEAREST 2008 survey acquired and processed dumnisgiork. UTM 29 Projection.

provided new data that may solve the nature ofpllate boundary. Zitellini et al. (2009)
documented a series of tectonic lineaments crogsguhe whole margin from the eastern
termination of the Gloria fracture zone to the Muman continental shelf. Seismic
multichannel lines from Horseshoe abyssal plairakthat these lineaments are sub vertical

faults.
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Figure 5.1.2 NEARESTO08 (this work) and, in the box, R/V Belgig@02 (Van Rensbergen et al.,
2005), bathymetric surveys, shaded relief. Thiclkline, CHIRP navigation tracks.

The presence of pop up structures, flowers geoesesimd the linearity prove their trascurrent
nature (Line AR08 Plate 2). Eastward to the Horgegplain, these lineaments intersect the
toe of the Gibraltar accretionary prism few kiloerst North of Coral Patch Ridge. In this
sector the morphological deformation associatetthédineaments are well recognized. Rosas
et al. (2009) performed analogue modeling expertrteeneproduce the mode of deformation
associated to the lineaments as their interactitimtive shallow soft sediment.

The experiment showed that the lineaments are erkldd crustal dextral trascurrent

deformation started in the Late Pliocene at 1.8(Mg. 5.1.3).
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Figure 5.1.3 Analog modeling of the SWIM lineaments, modifidteaRosas et al., (2009).

During the NEAREST 2008 R/Wrania cruise offshore Gibraltar, 1500 krof multibeam
high-resolution swath bathymetry were acquired ttogrewith high-resolution CHIRP seismic
(Fig 5.1.2 and Plate 3). The survey was plannedn&p the eastern end of the SWIM
lineaments on the Moroccan shelf. New bathymefia ¢ghrovide grid image of the seabottom
with the resolution of 25 x 25 m, this resolutidloas to study also the small-scale elements
of the lineaments and the interaction with thedbghe accretionary prism.

The Gibraltar accretionary prism (Fig. 5.1.1), thigshore expression of the Betic Rifean
orogenic arc extends for 350 km westward of Gibhratrait and is 150 km wide, in the

North — South direction. To the North, it is boudd®y the Guadalquivir Bank, an outcrop of
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Hercinian Iberian basement. To the South, the pisrbounded by the Rharb submarine
valley, the offshore extent of the Rharb basinVimrocco. The frontal part of the prism ends
against the Coral Patch Ridge which divided itvwo 1obes, one laying on the Seine and one
laying on Horseshoe abyssal plains. These two didabes present a markedly rough slope
deformed by the high gravitational sliding of thesp.

The internal portion of the Gibraltar arc is chaeasized by a series of curvilinear ridge and
troughs (Gutscher et al., 2009). The lower portetndepth ranging from 3000 m bsl to 4300
m bsl, presents short wavelength (2-5 km), sublghnadges, while in the shallower parts,
up to 1000 m bsl, the ridges bound larger sub-rednttoughs. These ridges often are
elongated parallel to the arcuate front of therpri©ffshore Morocco, the top of the prism

has a very low slope;1° and is flatter than its deeper parts.

Figure 5.1.4 Al Idrissi mud volcano, located at the easterrmteation of the Al Arraiche field,
Shaded relief map, 25 x 25 m grid resolution. Im&gen NEPTUNE (Konsberg) multibeam data.
Mercator projection.
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The top of the prism presents several mud volcachesters, frequently located at depth
1000 m. For example the El Arraiche field (Fig %.and 5.1.2), North of the NEAREST2008
survey, consists of 8 mud volcanoes of various aimmk shape just below the Moroccan shelf
edge. The largest mud volcano, Al Idrissi mud votcéFig. 5.1.4), is 225 m high and 5.3 km
in diameter, the smallest observed mud volcanonlg 85 m high and 500 m wide (Van
Rensbergen et al., 2005). This area is cross cetdngated sub linear features interpreted by
Zitellini et al., 2009 as the eastern end of thelWneaments. This linear features often

correspond to two parallel ridges separated by deew trough (Gutscher et al., 2009)

5.2 NEAREST 2008 offshore M or occo survey

The investigated area is located on the continesitgle offshore the Rharb basin, North
Western Morocco, at depth variable from 170 m lestid to 1100 m, in the South Western
part (Fig. 5.1.2).

This sector is located on the Gibraltar prism teating on the southern part on the Rharb
submarine valley. At regional scale the area prtteseny low slope valuel® but, in the study
area, higher slope values are associated to giigeitphenomena and mud volcanism. The
largest features the Mekness Mud volcano (Van Ragsét al., 2005), is located in the South
western part of the Nearest survey, in a zone nihpgethe R/VBelgica 2002 cruise (Fig.

5.1.2).
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Figure 5.2.1 Landslide bathymetric shaded relief in the norhpart of the Morocco survey. For
location see Fig. 5.1.2, in Red is remarked thedtgmmain, in Blue the translational zone and in
yellow the toe deposits and track of the chirp Im&ig. 5.2.2 and 5.2.3.

The Nearest 2008 survey area presents many renhankedsphological features that denote
the complex processes acting on top of the acoatyowedge. The North sector of the
survey is characterized by a 20 km long and 10 kdewlide. All the three domains of the

slide are well imaged from East to West, the hedlddeamain, the translational and the toe
domain. The landslide present a very clear headdathain zone with well developed

graben-type deep valleys (Fig. 5.2.1). The headwalleys are elongated from SW to NE
where they are connected with a deep WNW - ESE dedmarine valley marking the

Northern end of the slide. To the South, the he#ldd@main is connected with a set of
lineaments elongated in the same direction. Thieywatach a depth of 300 m in the northern
sector while in the southern part it is at maximilB® m deep. The sliding plane is not

imaged in the Chirp line because of the presenceenfasive reflective hyperboles, in
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correspondence of the head valleys, which maskrefiectors (Fig. 5.2.2) while in the
translational domain the maximum penetration i®w fens of meters, so that, also in this
sector, the bottom shear surface is not imaged.

The translational and toe domains are not welirdisished one from the other because the
amount of translation of the landslide is very Idw.fact, the slide moved downhill for a
maximum of some hundreds of meters. Total displaegnealculation in the head sector
gives an estimate value decreasing from the Nartkector (with a maximum displacement
of about 2.5 km) to the Southern margin (about B)0Uphill to the head valleys a series of

extensional faults, driven by the opening of thachdeep valleys, are present.

Figure 5.2.2 CHIRP seismic line LEG3_68. Vertical scale x2. |[Betfion hyperbole from the slide
front.

The translational domain is connected in continwiith the head domain. The Northern
lateral margin presents a deep incised valley spmeding with a long regional structural
lineament. This valley presents a series of sigalal@ep incisions suggesting a right lateral
movements. A series of arcuate folds are presettisnsector of the translational domain,
which are interpreted as push ridge caused by ¢f@mation of the higher head sector in to
the translational domain. Chirp lines on the Westemd of the translational domain of the
slide show that the lateral continuity of the refte is periodically interrupted every few km

(Fig. 5.2.3). The reflectors are almost undeformeaite horizontal, but are shifted along
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vertical discontinuities, this pattern of blocks tofincated reflectors can be interpreted as
longitudinal shear band in the sense of Bull et(2D09). due to different slide velocity

The toe scarp of the landslide presents a seriéewhhill elongated scour and small ridges
(Fig. 5.2.2). These features are elongated for girmman of 1 km and wide some tens of
meters Chirp lines downhill the toe domain show hbe toe area is the source for dense
turbidites like fluxes deposited few hundred of engtdownhill. These fluxes can be triggered
by the occurrence of a slope increment at the tolkeeolandslide together with fluid expulsion
and consequent reduction of internal strength esdgdiment.

A 100 m high scarp, with rough surface, delimitsittavard the landslide body. This limit
corresponds to another regional lineament, probablynding the gravitational movement of

the landslide as the Northern lineament.

Figure 5.2.3 CHIRP line Leg3_81. Vertical exaggeration x5. Deslted reflector in the translational

domain of the landslide.

The sector of the survey, South of the landslisleharacterized by several lineaments that cut
its Western sector. This is a flat continuous plaminded by the slide body to the North and
by a series of deep - incised valley to the Soliththe East the plain prolongs into a slope
between 500 m bsl and 800 m. On this slope sevidggs and incisions are present, caused

by gravitational creeping of the sea bottom.
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Two order of lineaments can be recognized in tleoseFirst-order lineaments (WNW — ESE
trending), are deep valleys with several sigmotadressions and pressure ridges, suggesting
right-lateral movements. Second-order lineamentmdhing out from the first order one and
are elongated preferentially SW — NE; one of themssond-order lineaments extends to the
North and is in correspondence with the head doraa of the North Slide. This SW — NE
lineaments cause weakening of the slope, likelggering the onset of gravitative
deformation. Chirp lines cutting the lineaments wad solve the deep structure of this for the

poor penetration of the seismic high resolutiomalgnd because of the hyperbolas.

Figure 5.2.4 Particular of the NEARESTO08 survey, shaded reliefs recognizable on the wenstern
margin the rounded scour. A set of lineaments nthkigh popmarcs are visible in the central and
eastern sector.

The South sector of NEAREST 2008 survey preseit€ipal lineaments elongated from the
western margin toward ESE from which a series ddlsliimeaments starts, often marked by

pockmarks. Also in this case, as in the Northeatoss, the Chirp profiles didn’t show clearly
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the nature of the lineaments. Several round scangpresent at the Southwestern end of the
surveyed zone (Fig. 5.2.4). These are from 1km tordwide and present the uphill side

deeper than the downhill one. Chirp lines show hioege gravitative fenomena are associated
with the tectonic lineament. The erosional featues probably due to the interaction of sea

bottom current and gravitative phenomena.

Figure 5.2.5 3D prospective of the lineaments in the centratameof the NEAREST 08 survey. On
the top left side is present the landslide showsidn5.2.1.

Summarizing, this zone is characterized by the gores of four main NW-SE lineaments
cross cutting the whole area. These elongatedrtieats are frequently connected with a
number of subsidiary and secondary lineaments.h€oWest, in the shallower part of the
area, often these lineaments are not well recognixgh by multibeam bathymetry and
CHIRP seismic profiles. This is probably due to ktigh sedimentary rate which masks the
deformation. Available seismic MCS line paralleh Adm to the Moroccan coast, evidenced
that there is a extention of this discontinuitisdwards. Despite the fact that the Rharb Basin

is well studied in the deep portions by oil and gesdl (Flinch, 1993), it is not sufficiently
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investigated near the surface to find the presaricstructures that can be related to this

lineaments
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Abstract

New detailed swath bathymetry, high resolution més and dredged samples from Coral
Patch and Ormonde seamounts, SW Iberia, providst@nts on the emplacement of the
Monchique-Madeira hotspot in the Eastern Atlanga.S

Swath bathymetric data document that Coral Patch gemposite structure, made up by at
least nine distinct volcanic centers. Lithified ggat carbonates, infilling fissures in lava

blocks and hosting planktonic foraminifers pernutdate at the Early Miocene the first

documentation of Coral Patch acting as an offskergenous-starved seamount. This setting
extends to recent timeAt Coral Patch seamount, similarly to what alreatbgerved at the

Ormonde seamount, volcanism was emplaced on theft@p pre-existing relief and was
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strongly affected by the regional tectonic compressegime active, on this sector of the

Africa Eurasia plate boundary, since the Oligocene.

Introduction

In the eastern Atlantic, a 700 km long belt ofguikarly spaced seamounts stretches from SW
Iberia to the Madeira archipelago (Fig.1). Thistdea is late Mesozoic to Recent in age and
thought to represent the trace of the Monchique-@tadhotspot (Morgan, 1981; Geldmacher
et al., 2000).

Rocks representing initial and later stages of\loachique — Madeira hotspot outcrop at the
Serra de Monchique complex (~72 Ma, Miramtlal., 2009), in southern Portugal, and at the
Madeira and Porto Santo islands (14-0 Ma, Geldmaeheal., 2000), respectively. The
knowledge of the submerged portion of the hotsgamtktis quite scarce, due to the paucity of
related samples. Previously collected volcanic dasmfrom the Madeira hotspot related
seamounts are alkaline in affinity, displaying a-8¥ decreasing age. Ages around 62-67
Ma (Ormonde seamount: Feraetdal., 1982, 1986), 31 Ma (Ampére seamount: Geldmacher
et al., 2000), 27 and 22 Ma (Unicorn and Seine Seamouegpgectively: Geldmachet al.,
2005), 11-14 Ma (Porto Santo Island) and < 5 Ma déia/Desertas volcanic complexes
(Geldmacheet al., 2000) are known.

Various aspects concerning style of emplacemeatjadpistribution and alignment of these
volcanic seamounts are still debated (Geldmaeheal. 2005). Indeed, the emplacement of
seamounts, particularly those lying eastward toptoposed hotspot track (i.e. Coral Patch
and Ormonde) can either be related to (1) a vadoanocally controlled by lithospheric
discontinuities or (2) magmatism related to a weaksating plume (Merlest al, 2006;
Geldmacheet al., 2005).

The hotspot emplacement took place between Ibarth Africa plates. Since the earliest

phase of continental break-up, the region recordeaiplex plate boundary interactions.
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Nowadays, relative movement between Iberia andcAfis 4 mm/yr (DeMetst al., 1994).
The rifting-drifting stage was accompanied by sulistal mantle exhumation and scarce
volcanic products (Boillott al., 1995; Whitmarsh and Wallace, 2001; Roveral., 2004;
Manatschal, 2004). From middle Cretaceous to ldigoCene, Iberia was part of the Africa
Plate, and the Gulf of Cadiz was unaffected by snportant tectonic stress. During the
Oligocene, the counterclockwise rotation of Ibeeapect to Africa produced a transtensive
regime in the Bay of Biscay and intraplate diffusanpressive deformation in the Gulf of
Cadiz (Sartoret al., 1994; Galindo-Zaldivagt al, 2003). At about 2.0 Ma, the localization of
the deformation started to be focused along ESE-Wstike-slip faults (Zitelliniet al.,
2009; Rosast al., 2009).

During this compressive stage, lithospheric foldtdeyeloped in the area from Oligocene to
Late Pliocene (Burov and Cloetingh, 2009; Zitelligti al., submitted). Zitelliniet al.
(submitted) propose that lithospheric folding inetGulf of Cadiz area caused the
development of large synclines bounded by shonsthiop anticlines in the brittle crust,
represented in this sector by the Coral Patch @B)the Gorringe Bank seamounts.

This work presents new marine geophysical and gemdbdata collected it the Gulf of Cadiz
area in the frame of the ESF SWIM project (SWIMO4d &SSWIMO5 cruises) to better

constrain the evolution of the Monchique-Madeiréshot.

Materials and method

During the SWIMO04 cruise of R/\Jrania the navigation was done by the PDS2000 software
linked with a DGPS Fugro satellite positioning gyst High-resolution seismics was acquired
by a 16 transducers 3.5kHz to 5 kHz BENTHOSII clagb bottom profiler. Sampling was
performed by means of large volume (60 liters) grath 200 kg heavy dredges.

During SWIMO5 cruise of R/\VExplora, 10000kni of swath bathymetric data have been

acquired with a RESON 8150 multibeam system. Th&H2 234 beams echosouder was
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mounted on the ship’s keel and generated a swath@f. Daily CTD casts were performed
during the survey from the surface down to 2000nu ategrated up to 5000m depth with
available data from the Levitus Database (Locardimal., 2005). The positioning and the
navigation was performed with the PDS2000 softweomnected to a satellite DGPS
LandStar MK Veripos.

The bathymetric data were processed on board WwehPDS2000 and with the IFREMER
Caraibes software, and at the ISMAR laboratory it Konsberg NEPTUNE software to
build a 50 x 50 m grid spacing digital terrain mb(feg.2) for elevation down to 1000 m bsl,
100 x 100 m under 1000 m bsl.

Volcanics (lavas and hyaloclastites) and sedimgrdarbonates were recovered from the four
sampling sites at the CP and Ormonde seamounts3(Figg.4 and Appendix in
Supplementary Material). The volcanic samples drengly alterated, thus precluding
conventional geochemical whole rock analyses. Thencipal petrographical and
mineralogical characteristics of the studied saspihin sections and Electron Probe
Microanalyses) are given in Appendix S2 and S3 f(Bampentary Material). The major
element composition of phenocrysts of the lava $ampvas analyzed by means of a
CAMECA SX50 electron microprobe, equipped with foMDS, at the IGG-CNR, Padova.
“OAr-*°Ar step-heating and single crystal analyses wertspeed on volcanic samples at the
Ar-Ar laboratory, IGG-CNR, Pisa (details on anagyare in Supplementary Material). Errors
are quoted at the icdevel.

Biostratigraphical investigation has been perfornmed dredges SWIM29 and SWIM28,
sampled from western part of the CP (Fig.3 and4igThe analyses are based on the

Foraminiferal content identified in thin section.

Morphobathymetry
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The CP is a WSW-ENE elongated seamount that aabest 4000 m above the adjacent
Horseshoe and Seine abyssal plains with a minimepthdof about 645 m (Fig.2). It is sub
elliptical in shape, 120 km long and about 70 krdewi

Available seismic multichannel data (Haywatdil., 1999; Contruccet al., 2004, Zitelliniet

al., 2009) shows that CP, up to 2.500 m bsl, is sediary in nature. Nevertheless, at
shallower levels volcanic rocks are present, asumhented by ROV visual inspection
(Hebbeln, 2008) and the sampling from the seamdtms$ study and Geldmacher and
Hoernle, 2000).

On the CP top, swath bathymetry documents the pcesef several coalescent volcanic
edifices emplaced on the upper part of the seamdline principal volcanic centers are
recognizable, eight of which are clustered on thélsvestern margin, while a single isolated
cone (referred to as Vince volcano: Fig. 2) ar488 m from the northeastern side. All the
minor volcanic edifices have a mean width of al®%t km and a mean height of about 100-
300 m. Instead the largest Vince volcano reachdmmeter of about 8 km. The volcanic
edifices are recognized due to a sub-circular cehape and well preserved morphology; at
places, radial elongated lava flows are recognealing their slopes (Fig.2).

On the western side, the CP declines gently joittiegeastern slope of the Ampere Seamount.
The southeastern slope is steeper with inclinatfoora 5° to 20°. This part is characterized
by several straight scour erosional features; thgdst one, starting above a steep scarp near
the summit, is 11 km in length with a mean slopelbut 12°. East of Vince edifice, the
slope becomes less steep and is characterizedresasscarps elongated preferentially NNE-
SSW. These scarps often are the head-scarps oftampgravitative phenomena.

The North side of CP is more complex. On the easti&te, the slope declines gently toward
the Horseshoe Abyssal Plain and only linear, smatiurs are developed along it. The central
sector is characterized by a flat topography insthelower part and by a series of sub parallel

north verging scarps on the deeper part, probalsdytd gravitational phenomena. A series of
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sub parallel antiform ridges oriented NE-SW ocownestwards. These ridges run for 30 km

and are usually 2-3 km wide terminating in the ldsl®e Abyssal Plain

Petrography

The samples dredged from the CP (station SWIM2%).3F and one sample from the
Ormonde Seamount (station SWIM34) consist of Igugeto 30 cm) blocks of fractured lavas,
infilled by foraminiferal limestone, plus loose fenic skeletal sediment. The other volcanic
samples are hyaloclastites (CP) and lavas (Ormonde)

The high degree of alteration of the volcanic samptcovered from CP precludes
conventional whole-rock analyses, necessary togslpglassify the volcanic rocks, thus the
magmatic affinity of this sample is only based omemalogical criteria. The CP sample
consists of three large blocks of olivine-phyrigda cemented by biogenic limestone (Fig.3).
The lava blocks, classified as basanites, have renalbgical assemblage made of olivine
(Fos3-s1), diopside (Wg7.s0Emnpg.39 clinopyroxene. It is to note that the samplingoakanitic
lavas from the CP improves our knowledge on themadigm affecting this structure, since
up to present only hawaiitic lavas were known (@Geldher and Hoernle, 2000).

Four altered volcanic samples were recovered frolm ©Ormonde Seamount (stations
SWIM32 and 34), thus also for these samples, liee@P sample, the magmatic affinity is
based on mineralogical criteria. These samplesmielge the highly alkaline, silica-
undersaturated volcanics previously recovered fiteerseamount (Corner, 1982; Geldmacher
and Hoernle, 2000; Schéaret al., 2000). In detail, samples SWIM32/1, SWIM32/2 and
SWIM32/3 show a mineralogical assemblage similath® lamprophyric dikes cutting the
north-eastern part of the seamount (Corner, 198R2¢se rocks are porphyric with altered
olivine and diopsidic clinopyroxene (Wgos>Emnpe.41) phenocrysts set in a groundmass
consisting of these phases plus altered feldsgdogppite, opaque and altered glass. The

other Ormonde sample (SWIM34) has rare phenocofsasmineral of the sodalite group and
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resorbed biotite set in a microlitic fluidal groundss consisting of these phases plus altered

nepheline, feldspar, opaque and altered glass.

Biostratigraphy and geochronology

The micropaleontological analysis was performect@aronate veins infilling fissures of the
volcanic bedrock. A rich and well preserved plamit foraminiferal fauna is present in CP
sample SWIM29. Thin section study positively idéatd Globoguadrina aff. dehiscens
(primitive forms),Globorotalia ex gropima nana/mayeri (Fig.3) and especially the absence
of Globigerinoides spp. documents the lowermost part of the Miocgmack. Following Bolli

& Sauders 1985, this fauna is a characteristimelg of theCatapsydrax stainforthi Zone
correlable with the lower part of the M1 Zone okrBgrenet al. 1995 spanning from 23.8 to
21.5 Ma.

“OAr-3°Ar step-heating (SH) of the ground mass of samPWI(M04-29/1) gives a disturbed
age spectrum, with only a mini-plateau at 31.48 .981Ma (28.4% of*°Ar release,
MSWD=0.24) (Fig.3). It is worth noting that the higlegree of alteration of the sample
allows considering th&Ar-*°Ar datum only as indicative.

At Ormonde, two biotites separated from station B\82 and SWIM34 give isochron ages of
63.31+0.87 Ma (SWIM04-32/3, SH, 41.7 %°0Ar release, MSWD=1.3) and 63.85+0.61 Ma
(SWIM04-34, SH, 100% of°Ar release MSWD=2.0). Single crystal laser fusi@CLF)
analyses of SWIMO04-34 biotites display a probapilglot slightly asymmetric toward
younger ages, likely due to alteration. See Supphtary Material for details on the analyses.
These new Ormonde age data are all within the dimeported in literature (Ferawtl al.,

1982, 1986).
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Discussion and Conclusion

The geomorphological setting of CP seamount iseqoaimplex as revealed by the detailed
swath bathymetric data. Indeed, this new datasetsithat at the top of the seamount at least
nine distinct volcanic coalescent cones are locaié@se were emplaced on a preexisting
structural high and all of them have a well presdrinorphology. The single volcanic sample
recovered from one of the volcanic cones recogniaedthe western sector of the CP
seamount is a strongly altered basanite whose drass suggests a middle Oligocene age
(31 Ma). The Early Miocene age of the sedimentdlimf the basalt fractures further
constrain the emplacement age of the volcanic cexnat the CP. The combined petrologic
evidence of our own data coupled with publishechdat Geldmacheet al. (2006) suggest
that the magmatism affecting the CP seamount Hzsanite-hawaiite range, comparable to
that observed at the Ampére Seamount (GeldmacheérHoernle, 2000). Geochemical
composition from Ampére lavas permitted to reldgirt origin to different degrees of partial
melting above discrete pulses of a mantle plumdd{@acher and Hoernle, 2000). A similar
process could control the basanite-hawaiite vamathbserved in the CP lavas, but more
volcanic samples from this seamount are requirdzbtter constrain such an hypothesis.
Recently, Zitelliniet al. (2009) showed that the whole sector of the EarasAfrica plate
boundary was affected, since the Oligocene, bypdpheric folding. This implies an overlap
of the two processes: oblique lithosphere collisamal hotspot related volcanism. The ENE-
WSW orientation of the major seamounts of the asaah as the Gorringe Bank and the CP
Seamount, suggest that magmatism affecting thesetwstes is also locally controlled by
propagating lithospheric fractures.

Burov and Cloetingh (2009) showed how the impactaihantle plume may result in a
reduction of the folding wavelength of the overtyilithospheric plate. In the Gulf of Cadiz,
lithospheric folding is manifested in a confinediom near the plate boundary and above the

hotspot track, thus folding and thrusting in thiseaa were influenced by the plume
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emplacement. Following the Burov and Cloetingh @00nodel, folding in a low
convergence rate (< 1.5 cm/yr) area, having redftiyoung (<150 Ma) lithosphere, can only
occur if an external perturbation such as a maitime, is also present.

Furthermore, as documented by our study, the vdoaraffects pre-existing seamount
structures suggesting that the lithospheric foldamgjclines developed in the Gulf of Cadiz
acted as preferential paths for the upwelling ofntiea material. We suggest that the
interaction between lithospheric folding and théspot emplacement can also be responsible
for both the irregularly spaced hotspot seamouwnits, large km-sized gaps in between, and
for the WSW-ENE orientation of the volcanic centiethe CP and Ormonde seamounts.
Finally, available seismic data integrated with nealeontological, and morphological

evidences suggest that the CP was not affectedlisydence since early Miocene.
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Figure Caption

Figure 1

Bathymetry of the Central Eastern Atlantic Sea (Bail and Smith, 1997); thin black line:
Gibraltar accretionary prism; thick black line: tlze— Africa plate boundary proposed by
Zitellini et al., (2009); transparent arrow: Monghe Madeira hot spot track; black triangle:

SWIM sample on the Coral Patch and Ormonde seamspuate of the seamount after

Geldmacher et al., 2006.

80



Figure 2
a) Shaded relief of the SWIM 05 survey, contouedirstep 100m. b) Morphological and

structural interpretation.
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Figure 3

Sample SWIM 29 dredged on the Coral Patch sean{ocantdinates in Table 1 supp. mat.).
A lava blocks infilled by bioclastic sedimen®;planktic assemblage, Globoquadrina aff.
dehiscens (primitive forms),b Globorotalia ex gr opima nana/mayeri; C SEM photo (in
back-scattered electrons) of one lava block. ol#wd, cpx=clinopyroxene; (ps)=
pseudomorphs, having the shape of feldspathoidsposed of aggregate of zeolites and
carbonate; gm=groundmas® ;*°Ar-**Ar step-heating age and K/Ca spectrum of the ground
mass separated from sample SWIM 29-1. Horizontalrehcates plateau steps and error box

are +a. See Supplementary Material for analytical details
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Figure 4

Various types of sedimentary products sampled f@mral Patch seamount: 1. Sliced slab of
the olivine-phyric sample (St. SWIM29) reportedHig.3A; note fouling recent epifauna,
including serpulid tubes (s) and indetermined apjitoral base (c). 2. Carbonate hardground
from St. SWIM28,958/725m; the fresh cut shows maloypgated vugs due to dissolution of
former deep-water coral branches; the externahasaris blakneded by Mn-Fe oxide coating
and affected by intense bioerosidmyjpanites - ichnofacies). 3. Carbonate hardground
recovered at St. SWIM28, showing different stagdglofication. 4. Close-up of same
sample in Fig. 4.3 displaying coarse skeletal camepbentrapped in poorly lithified matrix,
including (g) benthicAmphissa acutecostata) and holoplanktonic (h) gastropods, (m) deep-

water branching coral®fadrepora oculata) and others. 5. Coarse coral frame bearing
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hardground made up by degraded and bioerdhtiepora, st. SWIMO028. 6. Living hydroid
(Sertularélla sp.,identification courtesy of G. Bavestrello)gnog on carbonate coral rubble
(st. SWIM28). 7. Palimpsest skeletal assemblaga 80. SWIM28; coarse coral-mollusc
hash is mostly composed by more or less degareidnsakerial, including molluscs (b= the
bivalve Asperarca), brachiopods (tFerebratula), corals (cPeltocyathus sp.), barnacles,

serpulids, echinoids etc.

The supplementary material of the paper is predesdeAppendix of this work

Appendix S1: Sampling site, typology of samplingl aacovery sample used in this work
from SWIM 2004 cruise.

Appendix S2: Petrographical semples description.

Appendix S3: Petrographical analysis .

Appendix S44°Ar-*°Ar Dating.

Appendix S5: 3D shaded relief of the Coral Patcansaunt.
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7 Conclusion

The Gulf of Cadiz lies at the eastern end of the@rég Gibraltar plate boundary. It was
considered in the last 15 years as a diffuse pbatendary, characterized by scattered
seismicity and active tectonic structures (Sarétrial., 1994). recently, an high resolution
bathymetric map, compilated by Zitellini et al. ) and built up in the frame of the ESF
SWIM project by 12 European Institution, permittiedclarify the recent tectonic setting of
this area. Zitellini et al. (2009) proposed that tteformation of the plate boundary, starting
about 2 Ma ago, focused on a set of right trasotitreeaments, cross cutting the whole Gulf
of Cadiz from the eastern end of the Gloria Frac#one to the Moroccan margin.

One of the main task of this thesis was to investigdhe deformation style offshore Gibraltar
in the Eocene to late Pliocene time interval: hése proposed that during this time the stress
related to the compression between Africa and kauresused lithospheric folding. Seismic
lines interpretation and gravity data analysis pteth to develop a new concept on the mode
of deformation caused by lithospheric folding ire tbpper lithosphere. In particular, the
deformation is expressed by the development ofelamgvelength (8 — 130 km) “crustal
scale” synclines bounded by short wavelength topsthanticlines (2 — 40 km). This new
concept predict that horizontal stress in the $pfteere do not form periodic anticlines and
synclines, but develops asymmetric structures r@ge laynclines and short anticlines. Further
on, seismic multichannel data show that folding &mdting start both at the onset of the
compression.

The lithospheric folding processes interact in &éf of Cadiz with the Monchique Madeira
hot spot emplaced in the area from the 72 Ma oldhdaue volcanic complex to recent
Madeira Archipelago, and testified by a 700 km |lseges of abyssal volcanic seamounts. In
this work it is the characterized, for the firshé&, a 31 Ma old basanitic volcanism related to

the upwelling of mantle plume material at the Cdtatch seamount, and it is shown how it

85



interacts with the lithospheric folding. This seambhas been completely mapped by high
resolution swath bathymetry, revealing that is nemmplex than previously thought. At least
nine volcanic edifices are described and one af hiais been sampled, giving ‘®Ar-39Ar
age of 31.4+1.98 Ma, dating for the first time tbp of the Coral Patch seamount. Analysis of
bathymetry, seismic lines and paleontological sasdestify that Coral Patch was not
affected by subsidence since Chattian (28 Ma). FBhiggests that the tectonic horizontal
stress and mantle plume thermal bulging are actinthis seamount since Oligocene.

During Late Pliocene, at the plate boundary, cosgon focused on the SWIM lineaments, a
series of right lateral trascurrent faults. Thesiattion of these lineaments with the Gibraltar
accretionary prism was studied in the last pathef thesis, after an oceanographic cruise that
acquired new bathymetric and geophysical data ofesMoroccan in 2008. The bathymetric
and high-resolution seismic survey was focusedhenatquisition of new data at the eastern
end of the SWIM lineaments, near the Moroccan shégle new dataset provide evidence
about the interaction of the relatively young trasent faults and the Mio-Pliocene arc. In
particular, it illustrates how the SWIM lineamenitgeract with the Pleistocene to Recent
gravitative and fluid escape phenomena charaategritie top of the Gibraltar arc in the

Moroccan offshore.
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10.3 Supplementary material of the Paper submitted to Terra Nova

(see Chapter 6)
Appendix S1
Station Latitude | Longitude | Depthm | Type Recovery
g SWIM28 34,95336 | -11,91209 | 958/725 | dredge Sediments and volcanics
® . .
S SWIM29 34,96606 | -11,95575 | 1011/742 | dredge Sediments and volcanics
9 SWIM32 36,74908 | -11,05070 317 grab Sediments and volcanics
:
o SWIM34 36,73478 | -11,05161 103 grab Volcanics
Appendix S2
Sample Rock type Texture Mineralogical assemblage Notes
CORAL PATCH
29/1 basanite Almost aphyric, Phenocrysts: rare of olivine Secondary
microvesicular, (ol) totally or largely minerals (zeolite
intersertal pseudomorphically replaced by | and calcite)
iddingiste and calcite, and partialy or totally
pseudomorphs (ps) having the | infill the vesicles.
shape of feldspathoids but
Microprobe composed of aggregate of
analyses zeolites and carbonate.
(EMPA): Groundmass: al,
ol, cpx clinopyroxene (cpx), ps (totally
replaced by zeolites), dendritic
crystals, brown glass
29/2, 29/3, 29/4, hyaloclastites Basic shardstotally
29/5 altered to palagonite
and cemented by
calcite
Granulite-facies | Polygonal Plagioclase +K-feldspar +Ti- | Slightly
29/6 metadiorite granoblastic pargasite retrogressed rock
+ Orthopyroxene+ | (sericite, chlorite).
Clinopyroxene + Fe-Ti oxides | Thin retrograde
+ Biotite mylonitic to
cataclastic shear
ZOnes.
29/7, 29/8 sediments
ORMONDE
32/1, 32/2, 32/3 lamprophyre Porphyric, Phenocrysts: al, totally Secondary
(var. monchiquite) intersertal pseudomorphically replaced by | minerals (zeolite

iddingiste and calcite; rare

and calcite)




zoned cpx sometime with a
greenish core.
Groundmass: ol, cpx, ps

partially or totally
infill the vesicles.
In sample 32/3, an

microprobe: (having rectangular or rounded | ocello made of
cpx shape and different extinction), | brown cpx +
biotite, opaques, totally altered | biotite + glass is
glass. present.
34 phonolite Porphyric, Phenocrysts: rare feldspatoids
fluidal of the sodalite group (noseana);
ps having the shape of
nephelina but replaced by
microprobe: zeolites; resorbed
cpx, k-fd, noseana, microphenocrysts of biotite.
flogopite Groundmass: feldspar, ps,

opaques and glass.




Seamount:
Sample
Phase

Sio,
TiO,
Al,O4
Cr,04
FeO
MnO
MgO
CaOo
Na,O
Totale
Fo%

Sample
Phase

Sio,
TiO,
Al,O4
Cr,04
FeO
MnO
MgO
CaO
Na,O
Totale
Fo%

Coral Patch

29/1
Ol
2a8

39.79
0.00
0.00
0.07
16.28
0.23
43.70
0.46
0.01
100.54
82.50

Ol
5al

39.49
0.17
0.40
0.04
17.54
0.22
42.43
0.34
0.02
100.67
80.98

Ol
3a6

39.99
0.00
0.04
0.07
16.36
0.31
43.81
0.31
0.00
100.89
82.41

Ol
5a8

40.48
0.03
0.02
0.00
17.31
0.25
43.01
0.28
0.05
101.44
81.36

ol
3a7

39.99
0.11
0.06
0.00
16.70
0.30
43.65
0.26
0.00
101.08
82.06

ol
5al10

40.25
0.06
0.02
0.01
16.01
0.16
43.90
0.24
0.04
100.70
82.87

Ol
3a9

40.11
0.05
0.02
0.00
17.23
0.25
43.48
0.33
0.00
101.47
81.59

Ol
5al2

40.04
0.04
0.02
0.07
16.23
0.27
43.90
0.29
0.00
100.86
82.58

ol
3alo

40.08
0.04
0.03
0.10
16.84
0.24
43.37
0.25
0.01
100.97
81.90

Ol
6a2

39.48
0.02
0.00
0.03
16.66
0.29
43.49
0.35
0.00
100.33
82.06

Ol
3al4d

51.11
1.65
3.08
0.34
6.07
0.12
15.02
22.68
0.36
100.42
81.23

ol
6a5

40.74
0.00
0.00
0.00
16.72
0.20
43.41
0.28
0.00
101.35
82.05

ol
4al

39.86
0.00
0.04
0.00
16.26
0.17
43.44
0.26
0.06
100.08
82.50

ol
6all

40.58
0.02
0.00
0.00
16.48
0.22
43.72
0.26
0.00
101.29
82.35



Seamount:

Sample
Phase

sio,
Tio,
Al,O,
Cr,04
FeO
Mno
MgO
CaO
Na,O
K,0
Totale
Wo

En

Fs

Sample
Phase

Sio,
Tio,
Al,O,
Cr,0;
FeO
Mno
MgO
CaO
Na,O
K,0
Totale
Wo
En

Fs

Sample
Phase

sio,
TiO,
Al,Oq
Cry,04
FeO
Mno
MgO
CaO
Na,O
K,0
Totale
Wo

En

Fs

32/1
cpx
2b1
47.04
2.93
6.36
0.00
6.67
0.13
13.34
24.33
0.31
0.03
101.14
50.01
38.15
10.70

32/2
cpx
1d3
46.44
2.61
5.92
0.04
6.11
0.11
13.44
24.35
0.24
0.01
99.27
50.46
38.75
9.88

32/3
cpx
3al
51.25
1.19
244
0.08
6.24
0.19
14.57
2321
0.61
0.00
99.78
46.92
40.98
9.85

cpx
2b2
46.00
3.24
7.28
0.06
7.21
0.12
12.31
23.26
0.66
0.00
100.14
49.28
36.27
11.93

cpx
32259
47.21
2.78
6.07
0.02
6.04
0.14
13.69
2371
0.32
0.03
100.00
49.36
39.64
9.81

cpx
3a2
48.27
2.33
4.86
0.05
717
0.06
13.73
23.65
0.37
0.00
10051
48.24
38.97
11.42

Seamount: Coral Patch

Sample
Phase

sio,
Tio,
Al,O;
Cr,04
FeO
Mno
MgO
CaO
Na,O
K,0
Totale
Wo

En

Fs

Sample
Phase

Sio,
Tio,
AlLO;
Cr,04
FeO

MgO
CaOo
Na,O

29/1
cpx
b
4256
5.48
9.37
0.01
9.66
0.21
1051
22.10
0.44
0.02
100.36
49.04
32.45
16.73

cpx
4a2
44.16
4.00
8.19
0.10
9.03
0.15
11.67
21.79
0.44

cpx
lal
41.08
6.48
10.20
0.01
9.72
0.10
9.90
22.08
0.56
0.04
100.18
49.68
30.99
17.07

cpx

4a3
41.34
5.80
9.34
0.00
10.15
0.14
10.02
21.95
0.54

Ormonde

cpx
2b3
46.14
3.59
6.95
0.05
6.38
0.07
12.71
24.27
0.32
0.03
100.50
51.10
37.22
10.48

cpx
322510
39.57
6.01
11.04
0.00
8.00
0.06
10.50
23.49
0.41
0.03
99.11
52.10
32.41
13.86

cpx

3a3
48.59
2.19
4.42
0.01
7.36
0.26
12.94
23.29
0.70
0.01
99.77
48.21
37.27
11.90

cpx
1a2
4184
5.16
9.53
0.11
10.41
0.16
10.14
21.94
0.64
0.01
99.94
48.42
31.12
17.92

cpx

5a3
41.94
5.70
9.82
0.01
10.11
0.14
10.04
22.22
0.58

cpx
2b4
46.61
3.62
6.97
0.00
5.92
0.08
12.79
24.38
0.38
0.00
100.75
51.33
37.47
9.74

cpx
322511
51.83
1.33
2.58
0.05
6.20
0.28
14.08
2352
0.73
0.03
100.63
47.74
39.76
9.83

cpx

46.53
3.35
5.76
0.00
6.22
0.10

13.26

23.77
0.38
0.00

99.37

49.78

38.63

10.17

cpx
1a3
41.31
6.20
10.01
0.11
9.52
0.13
10.18
22.00
0.56
0.00
100.02
49.31
31.75
16.66

cpx
5all
45.96
3.44
7.18
0.30
7.76
0.03
1257
22.77
0.44

cpx
2b7
47.47
2.76
6.21
0.07
6.75
0.08
12.91
23.91
0.41
0.00
100.57
49.94
37.52
11.00

cpx
322513
50.97
1.83
3.36
0.00
7.09
0.16
13.63
23.77
0.69
0.01
101.51
48.00
38.29
11.18

cpx

3a5
45.48
3.04
6.56
0.01
6.52
0.10
13.19
24.38
0.27
0.00
99.55
50.46
37.99
10.53

cpx
1a5
41.88
5.02
9.91
0.00
9.87
0.15
10.02
22.18
0.59
0.03
99.66
49.41
31.06
17.17

cpx
5al4
43.05
5.34
8.85
0.08
8.91
0.08
11.00
21.97
0.60

cpx
2b9
46.48
2.98
6.39
0.04
6.92
0.05
13.14
24.04
0.30
0.00
100.34
49.82
37.87
11.19

cpx
322514
47.46
217
5.92
0.00
12.38
0.29
8.94
22,00
161
0.00
100.78
46.80
26.45
20.56

cpx

3a6
46.67
2.61
5.77
0.06
6.21
0.13
13.78
24.50
0.36
0.00
100.08
49.84
38.99
9.86

cpx
1a6
4271
5.31
8.84
0.05
9.13
0.11
10.79
22.22
0.58
0.00
99.75
48.91
33.07
15.69

cpx
5a15
42.30
5.25
9.52
0.01
10.24
0.08
9.98
21.87
0.58

cpx
4b2
52.63
0.71
2554
0.41
7.22
0.29
12.95
22.70
1.26
0.00
100.70
46.69
37.05
11.59

cpx

3a9
46.48
294
6.21
0.00
6.41
0.10
13.17
24.16
0.28
0.03
99.78
50.34
38.19
10.43

cpx
1a8
41.55
5.56
9.79
0.03
10.25
0.16
10.04
21.57
0.65
0.00
99.60
48.24
31.25
17.89

cpx

5al6é
42.18
5.43
9.20
0.02
9.26
0.12
10.56
21.75
0.48

cpx
4b3
50.55
1.50
4.65
0.60
5.97
0.09
13.24
2335
0.79
0.00
100.73
48.78
38.50
9.74

cpx

3al7
43.45
4.27
8.24
0.00
6.44
0.10
12.20
24.03
0.42
0.02
99.17
51.36
36.27
10.74

cpx
2a5
41.47
5.29
9.53
0.05
10.35
0.11
10.07
21.56
0.61
0.00
99.05
48.18
31.32
18.05

cpx

6al
42.84
5.22
9.03
0.00
9.68
0.18
10.34
22.45
0.62

cpx
4b5
51.92
0.99
3.33
0.07
6.16
0.17
14.58
23.29
0.77
0.00
101.27
46.79
40.76
9.65

cpx

3al9
46.20
272
6.04
0.07
6.94
0.07
13.40
2391
0.30
0.00
99.65
49.28
38.43
11.17

cpx
2a10
40.60
5.38
10.10
0.05
10.40
0.12
9.65
22.22
0.53
0.03
99.10
49.68
30.02
18.15

cpx

6a8
41.72
5.76
10.34
0.00
9.40
0.02
10.27
22.30
0.59

cpx
4b6
42.43
478
9.39
0.05
7.67
0.21
11.65
23.82
0.48
0.00
100.49
50.80
34.56
12.77

cpx

3a23
47.04
2.44
6.92
0.06
5.89
0.13
12.61
23.70
0.70
0.01
99.50
50.32
37.25
9.75

cpx
2a11
44.68
3.90
7.7
0.07
9.20
0.11
1231
22.12
053
0.01
100.11
46.67
36.14
15.15

cpx

6a9
42.06
5.56
9.50
0.04
10.91
0.13
9.85
22.02
0.51

cpx
4b7
48.76
2.30
5.16
0.02
6.29
0.25
13.84
24.23
0.47
0.00
101.32
49.20
39.12
9.97

cpx

3a24
49.70
178
4.33
0.07
5.80
0.07
14.03
23.85
0.55
0.02
100.20
48.78
39.92
9.26

cpx
3al
41.93
524
9.21
0.01
10.47
0.12
10.19
21.67
0.59
0.02
99.46
48.06
31.44
18.12

cpx
291s2

40.22
5.92
9.94
0.01
11.24
0.08
9.48
21.88
0.63

cpx
3a25
49.43
1.75
461
0.06
5.81
0.08
14.26
23.72
0.54
0.00
100.27
48.32
40.43
9.24

cpx
3a2
42.08
5.17
9.15
0.05
9.14
0.12
10.45
22.25
0.61
0.00
99.02
49.41
32.29
15.85

cpx
291s4
41.19
5.89
9.69
0.00
10.71
0.15
9.76
21.75
0.62

cpx

49.65
1.79
4.52
0.11
5.95
0.11

14.27

23.38
0.47
0.00

100.25

47.98

40.75
9.54

cpx
3a4
47.48
2.63
5.79
0.39
6.90
0.12
13.34
22.97
0.33
0.00
99.94
48.34
39.08
11.33

cpx
291s5
45.19
3.83
6.86
0.30
8.12
0.08
12.73
21.95
0.50

cpx
3a28
46.63
2.54
6.70
0.22
6.49
0.04
12.89
23.21
0.75
0.00
99.46
48.80
37.71
10.65

cpx
3a5
41.23
5.38
9.44
0.00
11.40
0.15
9.69
21.43
0.69
0.00
99.40
47.57
29.92
19.76

cpx
3a13
42.19
5.32
8.86
0.15
9.35
0.10
10.87
22,03
0.58
0.03
99.49
48.40
33.24
16.04



0.00
99.51
47.51
35.40
15.36

0.02
99.30
49.00
31.13
17.68

0.00
100.56
49.24
30.95
17.49

0.02
100.46
48.34
37.12
12.86

0.03
99.90
48.49
33.77
15.35

0.06
99.87
48.83
31.00
17.84

0.02
99.03
48.83
32.98
16.22

0.00
100.35
49.32
31.60
16.61

0.00
100.39
49.57
31.76
16.31

0.00
100.59
48.74
30.35
18.86

0.02
99.42
48.65
29.32
19.51

0.02
99.78
48.54
30.30
18.65

0.00
99.59
46.79
37.76
13.51



Seamount Ormonde

Sample
Phase

Sio2
TiO2
Al203
Cr203
FeO
MnO
MgO
CaOo
Na20
K20
SO3
Totale

Seamount:

Sample
Phase

Si02
TiO2
Al203
Cr203
FeO
MnO
MgO
CaO
Na20
K20
SO3
Totale

Sample
Phase

Sio,
TiO,
Al,O4
Cr,04
FeO
MnO
MgO
CaOoO
Na,O
K,0
Totale
Ab %

34

Noseana Noseana
36.82 37.55

0.00 0.00

33.30 33.97

0.00 0.00

0.12 0.18

0.00 0.01

0.00 0.03

2.32 1.98

18.90 17.86

0.77 0.62

6.96 6.73

99.19 98.93

Ormonde
34
flogopite  flogopite

35.28 34.63

4.88 4.78

13.00 13.09

0.00 0.05

24.16 23.68

1.07 1.03

8.62 8.49

0.00 0.01

0.59 0.62

8.37 8.34

95.97 94.72

34
K-fd K-fd
microlite microlite

67.69 65.06

0.00 0.09

18.83 19.11

0.00 0.02

0.39 1.17

0.02 0.01

0.03 0.36

0.11 0.11

5.77 5.29

7.70 7.02
100.53 98.25
52.96 53.06

flogopite

34.74
4.63
13.05
0.00
24.44
1.09
8.65
0.04
0.52
8.34

95.50

K-fd
microlite
66.95
0.00
18.64
0.00
0.42
0.06
0.01
0.12
5.95
7.32
99.46
54.90

flogopite

35.52
4.52
12.73
0.00
23.40
0.95
8.83
0.02
0.50
8.16

94.63

flogopite

35.47
4.42
12.93
0.01
23.40
0.86
8.70
0.00
0.59
8.28

94.86



An % 0.55 0.59 0.63
Or % 46.49 46.35 44.48



APPENDIX: “Ar-2Ar DATING

Samples
Three samples were considered for “°Ar-**Ar dating: a lava block from Coral Patch seamount

(SWIMO04-29/1) and two small volcanic fragments from Ormonde seamount (SWIMO04-32/3 and
SWIMO04-34). Coral Patch lava is heavily altered and full of empty cavities. The sample was cut in
slices and the less altered inner parts were chosen for grinding, sieving and ground mass separation.
The fraction chosen for the analysis (>180 um) was leached in ultrasonic bath at 30 °C with HCI
3.5N (60 minutes) and HNO3; 1N (60 minutes) and then thoroughly washed with deionised water.
Biotites of Ormonde seamount samples were separated with conventional magnetic and gravimetric
methods followed by hand picking. SWIMO04-34 biotites appeared fresh, while the few biotite
crystals obtained from SWIMO04-32/3 were relatively dirty. Biotites were washed with methanol and

de-ionized water in ultrasonic bath.

Method

Samples were packed in Al foil and piled in a quartz tube along with multiple samples of the
neutron fluence monitor FCT sanidine (28.03 Ma, Jourdan & Renne, 2007). The package was
irradiated for 8 hours in the core of the 250 kW TRIGA reactor of Pavia University.

All samples were step-heated (SH) and single crystals total fusion (SCTF) experiments were
performed on both micas. In step-heating experiments the defocused beam of a diode-pumped Nd-
YAG infra-red (IR) continuous wave laser was used as heating device at progressively higher power
levels. The defocused laser beam passed through a faceted lens that produces an even spatial
distribution of the beam power. When the laser beam surface was smaller than the sampled area, the
beam was slowly rastered over the entire sample. The evolved gas was cleaned with two SAES
AP10 getters held at ~400 °C and one SAES GP50 getter held at room temperature. Argon was
measured with a Mass Analyser Products (MAP) 215-50 mass spectrometer, operated in electron
multiplier mode. System blanks were measured every two-four analyses. The mass discrimination
was monitored using an on-line air pipette. The steps ages were corrected for system blanks, mass
discrimination, radioactive decay of *Ar and *Ar and nuclear interferences through the
ArArCALC software (Koppers, 2002) (see the Analytical Table). “Ar-**Ar plateau ages were
calculated on at least three consecutive steps that yield concordant ages at the 2c level. In fact these
samples never satisfy the criterion of Fleck et al. (1977) that requires at least 50% of the total K-
derived *Ar for a reliable plateau and their age computation is discussed below. Unlike plateau

ages, where an atmospheric initial isotopic ratio is assumed, isochron ages calculations correct for



the initial “>Ar/*®Ar ratio of the system, whichever its value. Isochron ages were calculated using
ISOPLOT (Ludwig, 2003).

Results

SWIMO04-29/1 ground mass displays a disturbed age spectrum, with older ages at low laser power
(i.e. temperature) and younger ages at higher temperatures. The K/Ca shows a monotonic decrease
from the second step, compatible with the progressive degassing of pyroxene. The only K-bearing
phase in the sample is glass (see main text for further discussion).

SWIMO04-32/3 mica SH analysis was performed on a population of variable grain-size and limited
weight (~1 mg). The sample displays a slightly disturbed age spectrum, with apparent ages slowly
decreasing towards higher laser powers (i.e. temperatures) (Fig. 1). The majority of the age
spectrum is also characterized by relatively low K/Ca ratios for a biotite. Five steps, equivalent to
41.7 % of **Ar release give a weighted plateau age of 64.02+0.48 Ma (MSWD=2.6), and K/Ca
ratios varying from 23 to 7. The same steps identify an isochron age of 63.31+0.87 Ma
(MSWD=1.3), with a poorly defined initial **Ar/*°Ar intercept (453+180) (Fig. 1). The limited
amount of *°Ar release and the overall shape of the age spectrum question the validity of the

obtained age.
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g
0 0002 |
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Fig. 1. SWIMO04-32/3- Left: age and K/Ca spectrum. Error boxes are = 2 ¢. The horizontal bar
indicates the steps used to calculate the plateau age and the average K/Ca ratio. Right: Isotope
correlation diagram: solid squares represent the plateau steps and have been used to calculate the

isochron age, empty squares are all the other points.



The four single crystal total fusion analyses might suggest an explanation for the age spectrum
shape, although the data are affected by high uncertainties due to the low analytical signal. Two
crystals have almost no Ca, high “°Ar radiogenic yields (>95%) and ages of 63-64 Ma; two crystals
have K/Ca ratios <1, lower “°Ar radiogenic yields (66-88%) and younger ages (~ 58 Ma). The
shape of the SH age spectrum might derive by the mixing of two population of micas, an older
pristine one, and a younger altered one. The yield of the overall sample (95.7 %, see the Analytical
Table) allows to consider that pristine micas prevail in the analysed population. The isochron age of
63.31+0.87 Ma is considered the best estimate of the age of this sample.

SWIMO04-34 mica SH analysis evidences a flattish age spectrum, with an overall plateau age
hampered by a low age intermediate temperature step (1.3 W). Two mini-plateau are calculated on
steps 1-8, 64.03+0.39 Ma (MSWD=1.8, 45.8 % of **Ar release) and steps 10-14, 64.07+0.32 Ma
(MSWD=1.39, 44.9 % of *Ar release) (Fig. 2). The data obtained on the two groups of steps are
equivalent and overlap within error to the integrated age of 63.95+£0.25 Ma. All data points identify
an isochron 63.85+0.61 Ma (MSWD=2.0, initial *Ar/*°Ar intercept =286+26) (Fig. 2).
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Cumulative *°Ar Released (%) Sar/oAr

Fig. 2. SWIMO04-34- Left: age spectrum. Right: Isotope correlation diagram. Legend as in figure 1.

Eight SCTF analyses on relatively big crystals of SWIMO04-34 evidence the presence of a unique
population, with a weighted average age of 64.18+0.42 Ma (Fig. 3) (see main text). Both SH and
SCTF analyses of this biotite give concordant ages and the isochron age is chosen as more

representative.



SWIMO04-34
Single crystal total fusion

WA=64.18 +0.42 Ma

w

Number of analyses
- N

Avjigqeqold annelay

Fig. 3. SWIMO04-34. Age probability plot of single crystal laser total fusion experiments.WA=
Weighted Average.
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Analytical Table

Legend:

Argon isotopes are in moles.

Steps used to calculate plateau and isochron ages are in bold. SH=
analysis; SCTF= Single crystal laser fusion analysis.

Step-heating

Cl-derived
percentual

Columns headings are as follows: **Arm = atmospheric *°Ar; *Ar )
BAr; PArg, = K-derived *Ar; “Ar.q) = radiogenic “°Ar; “Arag(%)
ratio of radiogenic “°Ar over total “Ar.

Total fusion age is calculated summing the isotopic measurements of all steps, and its
error includes uncertainty on J value. Errors quoted for individual analyses ages
include analytical error only.

SWIMO04-32/3 biotite SH

J=0.0007318+0.0000011 (*16)

Laser

power OAram  TArcy  PArey  FAr CArgg PArg Age t26 “Argg KiCa  t26
w % Ma %

0.2 1.64E-17 180E-17 6.79E-19 5.76E-17 171E-15  0.63 3882 1314 261 170 0.29
0.4 8.14E-18 121E-17 1.40E-18 156E-16 844E-15 171 69.93 501 778 684 272
0.6 549E-18 141E-17 1.36E-18 508E-16 2.57E-14 557 65.69 147 941 19.14  5.27
0.75 4.63E-18 210E-17 1.91E-18 8.83E-16 4.39E-14  9.68 6454 088 970 2229 464
0.9 1.35E-18 151E-17 2.22E-18 654E-16 3.21E-14 7.8 63.70 055 988 23.03 1281
1.05 3.87E-18 6.53E-17 3.20E-18 9.60E-16 4.72E-14 1053  63.75 044  97.6 780  1.07
12 1.75E-18 6.01E-17 3.30E-18 7.95E-16 3.94E-14 871 6429 054 987 701 091
1.35 3.72E-18 9.66E-17 4.05E-18 8.60E-16 4.13E-14  9.44 6229 066 974 472 040
155 3.65E-18 187E-16 4.40E-18 9.01E-16 4.35E-14  9.88 62.58 047 976 255  0.17
17 4.93E-18 262E-16 4.78E-18 1.03E-15 4.86E-14 1131 ~ 6121 051 971 208 0.10
1.9 535E-18 208E-16 3.76E-18 9.83E-16 4.58E-14 1078 ~ 6041 047 966 251 0.14
2.2 4.49E-18 525E-17 3.19E-18 9.84E-16 4.73E-14 1079 6237 052 973 993 143
25 2.40E-18 bdl ~ 946E-19 220E-16 1.07E-14 241 63.14 18 938 n.d.
fuse 1.47E-18 bdl ~ 147E-19 125E-16 571E-15  1.37 5941 277 929 n.d.
TF 6280 029 957 478 0.0
SWIMO04-32/3 biotite SCTF J=0.0007318+0.0000011 (+16)

#1D BAram  TArcy  PArey PAr PArgag  Age  t26  “Arpg KiCa 26

Ma %

Fuse 352E-18 107E-16 9.18E-19 177E-16 7.88E-15 57.96  2.99 883 087  0.10

Fuse 345E-18 101E-16 3.71E-19 4.41E-17 1.98E-15 5831 133  66.1 023 004

Fuse 1.40E-18  2.19E-18 5.89E-19 169E-16 8.20E-15 62.86  3.12  95.2 40.94 208.58

Fuse 1.08E-18 bdl  787E-19 3.49E-16 172E-14  63.97 16 982 n.d
SWIMO04-34 biotite SH J=0.0007318+0.0000011 (+16)

Laser

power OAram  Arca BAre) BAry  “Argag  FArgy  Age +26  “Arpg Ki/Ca 26
w % Ma %
03 3.36E-18  3.48E-18 143E-19 3.64E-17 1.75E-15 021 6251 17.73 6358 554 1058
05 7.07E-18 b.dl. 186E-18 529E-16 2.62E-14  3.09 6421 133 926 n.d.
0.65 5.02E-18 b.dl. 150E-18 7.34E-16 3.69E-14  4.28 6517 095 96.1 n.d.



08 4.52E-18 b.dl 3.01E-18 961E-16 4.73E-14 561 63.86 075 972 n.d.
0.9 4.26E-18 b.dl 270E-18 1.14E-15 560E-14  6.66 636 063 978 n.d.
1 5.46E-18 b.d.). 423E-18 153E-15 7.58E-14  8.92 6432 049 979 n.d.
11 4.64E-18 b.d.). ~3.88E-18 1.27E-15 6.21E-14  7.41 63.45 064 97.8 n.d.
12 6.82E-18 b.dl. 4.02E-18 165E-15 8.14E-14  9.61 641 052 976 n.d.
13 5.58E-18 b.dl. 3.43E-18 139E-15 6.78E-14  8.14 63.07 056 976 n.d.
1.4 4.13E-18 b.dl. 3.86E-18 1.46E-15 7.21E-14 851 6412 055 983 n.d.
155 3.34E-18 b.dl. 4.06E-18 167E-15 8.24E-14  9.74 64.02 045 988 n.d.
17 4.37E-18 b.dl 166E-18 177E-15 869E-14  10.32 638 043 985 n.d.
19 2.60E-18 b.dl 4.21E-18 151E-15 7.52E-14 882 6457 051  99.0 n.d.
2.2 3.78E-18 b.d.). 3.46E-18 1.29E-15 6.38E-14  7.55 63.97 057 983 n.d.
fuse 1.33E-18 b.d.) ~58lE-19 1.89E-16 8.93E-15 111 6118 361 958 n.d.
TF 63.95 025 97.7
SWIMO04-34 biotite SCTF J=0.0007318+0.0000011 (*10)

#1D BAram  TArcy  PArey PAr PArgas Age 26 “Arju

Ma %

Fuse 2.66E-18 bdl ~ 9.03E-19 255E-16 1.25E-14 6355 136 94.1
Fuse 3.02E-18 bdl ~258E-18 1.05E-15 5.25E-14 6453 045  98.3
Fuse 1.75E-18 bdl ~121E-18 5.97E-16 2.92E-14 6343 077  98.2
Fuse 2.03E-18 bdl ~ 194E-18 7.26E-16 3.59E-14 6401 060  98.3
Fuse 1.47E-18 b.d.l. bdl ~ 194E-16 9.34E-15 6241 194 955
Fuse 2.12E-18 bdl ~ 174E-18 4.37E-16 2.18E-14 6463 069  97.2
Fuse 1.51E-18 bdl 847E-19 3.22E-16 157E-14 6341 116  97.2
Fuse 1.43E-18 bdl. 393E-18 1.14E-15 567E-14 6443 070  99.2
SWIM29/1 g.m. J=0.0007318+0.0000011 (*16)

Laser

power OAram  TArcy  PArey  FAr CArgg PArg Age t26 “Argg KiCa  t26

w % Ma %
0.2 1.29E-16 159E-16 4.97E-18 175E-16  7.25E-15 976 5387  7.06 160  0.5840 0.0799
0.4 6.02E-17 1.35E-16 7.23E-18 192E-16 6.31E-15 1069 4297 609 262  0.7529 0.0854
0.55 1.08E-17 1.33E-16 157E-17 1.44E-16 6.42E-15 806 57.77 335 668  0.5734 0.0818
0.7 9.95E-18 4.93E-16 3.30E-17 2.35E-16  9.30E-15 1312 5146 181 760  0.2527 0.0209
0.85 9.49E-18  9.26E-16 2.77E-17 2.30E-16 8.78E-15 1285 4961 169 758  0.1318 0.0100
1 8.88E-18  2.00E-15 1.96E-17 2.49E-16 7.52E-15 13.90 3941 219 741  0.0660 0.0047
1.15 9.45E-18 243E-15 9.85E-18 1.66E-16 4.02E-15 925 3169 319 590  0.0362 0.0024
13 6.46E-18 2.61E-15 4.36E-18 1.05E-16 2.60E-15 585 3244 371 576  0.0213 0.0015
16 6.57E-18 4.84E-15 4.84E-18 1.21E-16 2.76E-15 673 2994 531 587  0.0132 0.0009
2 5.75E-18 131E-14 4.94E-18 117E-16 2.76E-15 655 30.76 447 619  0.0048 0.0003
fuse 4.17E-18 6.03E-14 3.82E-18 579E-17  2.59E-15 323 5813 2455 677  0.0005 0.0001
TF 43.88 145 439 0011  0.001

Age monitor for the second set of samples: FCT sanidine, 28.03 Ma (Jourdan & Renne, 2007).
The correction factors for reactor induced interfering reactions were: **Ar/*’Ar (Ca) = 0.00075 + 0.000075; *Ar/*’Ar
(Ca) = 0.00024 + 0.00002; “Ar/*Ar (K) = 0.00925 + 0.0009.
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