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1. Introduction and objectives

This report contains technical information on the data acquired during the NEAREST-SEIS 
cruise, which started in Cartagena (Spain) on Oct 27th, and finished in Cadiz (Spain), in Nov 
13th,  2009,  and took  place onboard  the  Spanish  R/V BIO-Hesperides,  as  well  as  on  the 
seismic velocity models obtained using these data. This NEAREST-SEIS cruise was part of 
the European Union, FP-6 funded, NEAREST project, concretely of its WP2 “Tsunami Source 
Characterization”. Within the wider framework of NEAREST, the primary objectives of  this 
workpackage and, in particular, of this cruise, are the following ones:

1) to  provide  information  about  the  crust-mantle  boundary  geometry  and  physical 
properties of the crust beneath the seafloor,

2) to  identify the nature of the crust (eg. oceanic, continental or other) and the limits of 
the different crustal domains in the region based on this information,

3) to obtain information to construct a 3-D P-wave velocity model to be used for improving 
earthquake locations of seismicity 

The cruise was mainly devoted to the acquisition of two wide-angle reflection and refraction 
seismic (WAS) profiles using a set of 36 Ocean Bottom Seismometers (OBS) (Figure 1). 

Figure  1.  Map  showing  bathymetric  coverage  in  the  Gulf  of  Cadiz  region  (SWIM  compilation) 
(Zitellini et al., 2009), with the two profiles acquired during the Nearest-Seis cruise superimposed in 
red. Yellow circles with numbers indicate OBS locations.

 30 OBS were deployed along profile P1, which is 365 km-long and extends from the 
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Tagus Abyssal Plain, over Gorringe Bank, across the Horseshoe Abyssal Plain and the 
Horseshoe fault, up onto Coral Patch Ridge and finally to the  fold and thrust belt in the 
Seine Abyssal Plain beyond the NW Moroccan continental margin.

 15 OBS and 7 landstations were deployed along P2, which is 257-km-long and crosses 
from the Easternmost Seine Abyssal  Plain (just  beyond the NW Moroccan margin) 
crosses the accretionary wedge and several of the “SWIM” lineaments (including the 
buried prolongation of Coral Patch Ridge), then the Guadalquivir Ridge/Portimao Bank 
structure, the Portimao Canyon and all the way up onto the S. Portuguese continental 
shelf.

This  report  is  structured  as  follows:  first,  we  present  the  list  of  participating  institutions 
(section 2). Then, we make an overview of the geologic and tectonic setting of the NW Iberian 
margin in section 3. In section 4, we present the data acquired and the processing applied. In 
section 5 we explain the methodology used to model the data together with the inversion 
strategy followed to construct the models, and in section 6 we summarize the main results. In 
section 7 we present the uncertainty analysis made for profile P2. The results obtained along 
P2 are complete and almost final, whereas there is still work to do in P1, specially concerning 
the uncertainty analysis. Gravity modelling along both profiles is being done at present day 
and therefore it is not included in this report. 
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2. Participating institutions 
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Centre Mediterrani d’Investigacions Marines i Ambientals 
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08003 Barcelona (Spain)

UBO-IUEM

Universite de Bretagne Occidentale

Institut Universitaire Europeen de la Mer

UMR 6538 Domaines oceaniques

Place N. Copernic

29280 Plouzané (France)

IFREMER

Institut français de recherche pour l'exploitation de la mer

Place N. Copernic

29280 Plouzané (France)

Universidade de Lisboa

Fundacao da Faculdade de Ciencias da Univ. de Lisboa

Centro de Geofisica da Universidade de Lisboa
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08028 Barcelona (Spain)
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3. Geological setting of the SW Iberian margin

The  region  offshore  SW Iberia  lies  at  the  eastern  end  of  the  so  called  Azores-Gibraltar 
transform,  and  is  part  of  a  complex  plate  boundary  between  the  African  (Nubian)  and 
Eurasian plates (Figure 2). The tectonic history of this area has been dominated by the long-
term evolution of the triple junction, between the North American, African and Eurasian plates, 
as well as the interaction, with other smaller blocks, e.g. the Iberian plate (Srivastava et al., 
1990). Here, a major limit exists, between the Central Atlantic domain, which opened in the 
late  Triassic  earliest  Jurassic,  and  the  Northern  Atlantic  domain,  which  opened  in  the 
Cretaceous (Roest and Srivastava, 1991; Olivet, 1996; Gracia et al., 2003a; Sahabi et al., 
2004). The modern day plate boundary in the Gulf of Cadiz is fairly diffuse, marked by an E-W 
trending band of seismicity about 100-200 km wide (in a N-S direction) (Buforn et al., 1988; 
1995; Stich et al., 2003;2006; Gutscher et al., 2009a). Moderate to strong earthquakes have 
struck here in the past (1964 Huelva earthquake M6.5; 1969 Cape St. Vincent earthquake 
M7.9, and 2007 Horseshoe earthquake M6.1), with mostly compressional and strike-slip focal 
mechanisms (Stich et al., 2003; 2006). Plate kinematic models and GPS observations are in 
good agreement that NW Africa (Nubia) is moving in a NW to WNW direction with respect to 
Iberia  at  a  velocity  of  approximately  4mm/yr  (Argus  et  al.,  1989;  DeMets  et  al.,  1994, 
McClusky et al., 2003, Nocquet and Calais, 2004).
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Figure 2.- Inset: Plate tectonic setting of the SW Iberian Margin along the boundary between 
the Eurasian and African Plates. Detailed swath-bathymetric map of the Gulf of Cadiz from the 
EuroMargins SWIM compilation (Zitellini et al., 2009). Seismicity from the "Instituto Geográfico 
Nacional" catalog for the period between 1965 and 2000 is depicted (I.G.N., 1999). Small grey 
dots are epicentres of earthquakes for 2.5 <mb <3.5, and large grey dots for earthquakes of mb 
>3.5. Fault plane solutions are from Stich et al. (2005). Red arrows show the direction of plate 
convergence from NUVEL1 model (Argus et al., 1989). Physiographic domains of Gulf of Cadiz 
and main active faults (thick yellow lines) are located. GF: Gorringe Fault; MPF: Marques de 
Pombal Fault; HF: Horseshoe Fault; SVF: Sao Vicente Canyon Fault; LF: Lagos Fault; GUF: 
Guadalquivir Fault.

As stated in the introduction, given the complex tectonic history of the region and the ongoing, 
seismic activity, the two primary objectives of the NEAREST-SEIS survey were: to probe the 
deep  structure  of  the  Southwest  Iberia  margin  and  adjacent  oceanic  areas,  in  order  to 
characterize the nature of the crust, and to identify the major modern day discontinuities and 
the limits between the major geologic domains, which may be expressions of major faults.

SW Iberia has been struck by strong historical seismicity, most notably the catastrophic Great 
Lisbon  earthquake  of  1  November  1755.  This  event  with  an  estimated  magnitude  8.7, 
destroyed the city of Lisbon, and cities along the southern Algarve coast of Portugal, and 
along  the  coasts  of  SW Spain  (Cadiz,  Huelva)  and  NW Morocco,  causing  an  estimated 
60,000 deaths (Martinez-Solares et al., 1979; Johnston, 1996; Baptista et al., 1998a). This 
earthquake is the greatest recorded in European history and was felt as far away as Hamburg 
and the Azores. However, the complex regional tectonics and the diffuse nature of the plate 
boundary, makes it difficult to identify the principal faults which store and release the greatest 
seismic moment over the long term. Therefore, the source region of the 1755 earthquake 
remains a subject of lively debate, and numerous candidate fault zones have been proposed 
by different authors (Johnston, 1996; Baptista et al., 1998b; Gracia et al., 2003b; Terrinha et 
al.,  2003;  Vilanova et  al.,  2003;  Gutscher,  2004;  Stich  et  al.,  2007;  Barkan et  al.,  2009; 
Gutscher  et  al.,  2009a).  The  tsunami  triggered  by  the  1755  earthquake  devastated  port 
regions  in  the  SW  Iberia  -  NW Morocco  region  with  observed  waves  of  5-15  m  height 
(Baptista et al., 1998a). This tsunami whose impact was also felt in the Antilles, remains the 
largest tsunami ever observed in the Atlantic (Barkan et al., 2009).

3.1. The origin of the margins of SW Iberia and NW Africa

The study area is located at the intersection of two continental margin "corners". The corner of 
the  NW  African  margin  developed  during  Triassic-Jurassic  times  as  the  Central  Atlantic 
formed by the rifting of Africa from North America. The NW Moroccan margin was situated at 
the southern end of  the modern day Grand Banks of  Newfoundland and formed by sub-
normal extension along a N60 trending fault and by transcurrent motion along the Southern 
Grand Banks fault (today oriented N120) (Stampfli et al., 2003; Sahabi et al., 2004). The SW 
corner of the Iberian continental domain represents the intersection of a N-S trending margin, 
between Iberia and the Flemish Cap - Grand Banks Margin of Newfoundland (Canada), and 
the Southern Grand Banks transform metioned above (Roest and Srivastava,  1991).  The 
oceanic  domain  in  the  Gulf  of  Cadiz  in  between these two continental  corners  was first 
structured by this transcurrent motion. Later this domain may have been the site of minor 
amounts of seafloor spreading (possibly SE-NW) which could have opened a narrow oceanic 
corridor separating southern Iberia from NW Africa. Further east this oceanic domain widens 

10



to become the Tethys separating Gondwana from Eurasia .

The exact nature of the basement in the deep oceanic domains offshore SW Iberia (Tagus 
Abyssal  Plain,  Horseshoe Abyssal  Plain,  Seine Abyssal  Plain)  is  unknown and difficult  to 
determine for two reasons. 1) There are few recognizable magnetic anomaly patterns (Figure 
3),  and 2) the seafloor is covered by a roughly 2-4 km thick layer of  Mesozoic to recent 
sediments. Thus basement samples are not easy to obtain. The only deep sea drilling in the 
region  which  penetrated  to  basement  were;  DSDP  site  120  on  Gorringe  Bank,  where 
serpentinized  mantle  has  also  been  recovered  directly  at  the  seafloor  during  deep-sea 
submersible expeditions (Lagabrielle and other references)  and off  the western Moroccan 
margin (at the foot of the Mazagan plateau - near present day El Jadida) at ODP site 546 
during Leg XX drilling (Hinz et al., 1982). DSDP  hole 135 penetrated Jurassic sediments but 
did not reach basement.

Figure 3.-  Marine magnetic anomalies of the eastern Atlantic ocean offshore southwest Iberia and 
northwest  African margins (from Rovere et  al.,  2004)  Outlined seafloor topography from satellite 
altimetry (Smith & Sandwell 1997). Iberia Abyssal Plain (IAP); Tagus Abyssal Plain (TAP); Horseshoe 
Abyssal Plain (HAP); Gorringe Ridge (GR), Ampère Seamount (Amp), Coral Patch Seamount (CPS), 
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Azores–Gibraltar Fracture Zone (AGFZ), Seine Abyssal Plain (SAP). Interpretation of the magnetic 
anomalies based on Roest et al. (1992) and Srivastava et al. (2000). Inferred Palaeo Iberia–Africa 
Plate Boundary (PIAB) during the opening of the Central Atlantic ocean. The boundary ends near M0, 
the youngest constrained anomaly.

Because of the lack of basement samples, current knowledge of the crustal domains in the 
NEAREST study area is based almost exclusively on seismic data.  Using available multi-
channel  and  wide-angle  seismic  data,  compilations  of  depth  to  basement  and  sediment 
thickness maps were established (Figure 4). These compilations confirm the generally thick 
sedimentary cover and highlight the eastward increase in sediment thickness in the Gulf of 
Cadiz related to the sedimentary wedge. They also indicate an E-W trending trough in depth 
to basement and crustal thickness. On the basis of crustal thickness and some E-W trending 
magnetic lineations Verhoef et al., 1991), it seems possible that oceanic crust may extend into 
the Gulf of Cadiz region. The current OBS survey should help to resolve this question.

Figure 4.- Structural  maps of  the  S.  Iberian/N.  Moroccan region.  Left:  depth  to  basement  map 
obtained from joint interpretation of all seismic profiles shown (Thiebot and Gutscher, 2006); Right: 
sediment  thickness  map  obtained  by  combining  relief  (adding  topography  and  subtracting 
bathymetry) with the depth to basement map. The figures are from Gutscher et al. (2009).

3.2. Scientific rationale of the wide-angle seismic profiles P1 and P2

Wide-angle seismic profile P1 runs NW-SE from the Tagus Abyssal plain to the Seine Abyssal 
plain crossing the Gorringe Bank, the Horseshoe Abyssal plain, and the Coral Patch ridge. 
The  main  objective  of  this  line  are  to  determine  the  deep  structure  and  nature  of  the 
basement  at  the  different  geologic  domains,  in  order  to  better  understand  the  general 
geodynamic  evolution  of  the  Eurasia-Nubia  compressive  setting,  as  well  as  the  deep 
geometry  of  the  main  décollement  surfaces across  these  tectonic  limits,  which  might  be 
potentially  associated  with  seismogenic/tsunamigenic  faults  (especially  the  Gorringe Bank 
and the Coral patch ridge).

Wide-angle seismic profile P2 begins in the Easternmost Seine Abyssal Plain (just beyond the 
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NW Moroccan margin) crosses the accretionary wedge and several of the “SWIM” lineaments 
(including  the  buried  prolongation  of  Coral  Patch  Ridge),  then  the  Guadalquivir 
Ridge/Portimao Bank structure, the Portimao Canyon and continues all the way up onto the 
S.  Portuguese  continental  shelf  and  onto  the  oshore  Variscan  continental  domain  of 
Southwest Iberia. The primary objectives of this line was to obtain information on the crustal 
nature and overall geometry (thickness, dip, etc.) across these major structures and tectonic 
boundaries,and to reveal the geometry of the continent-ocean boundary at the SW Iberian 
margin.
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4. Wide-angle seismic data set

The wide-angle seismic data acquired along profiles P1 and P2 with the B/O Hesperides 
during the NEAREST-SEIS cruise is presented here. The source used was composed of 7 
airguns (model 1500LL) organized in two arrays, providing a total volume of 4520-in3 (Figure 
5).The airguns were tuned to the first bubble to enhance deep frequencies and ensure a good 
penetration (Avedik et al., 1993), and the shot interval was set at a time of 90-s leading to a 
~210-m shot spacing.

Figure 5.- Detail of a two Bolt 1500LL airgun cluster used in the Nearest-Seis airgun array.

Pre-processing of the OBS data included calculation of the clock-drift corrections to adjust the 
clock in each instrument to the GPS base time and instrument locations were corrected for 
drift from the deployment position during their descent to the sea-floor using the direct water 
wave arrival.  For  that  we used a home-made script  based on a grid-search algorithm at 
increasing spatial resolution using the detailed multibneam bathymetry available in the area 
(see Figure 1). Figure 6 shows an example of the OBS locations obtained before and after the 
re-location  processes,  as  well  as  its  uncertainty.  Typically,  the  difference  between  the 
expected and actual OBS locations is of the order of a few hundreds of meters.
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Figure  6.- Four  panels  showing  the  relocation  process.  Upper  left  show  bathymetry, 
shotpoints  and  OBS  deployment  location  (red  triangle).  Upper  right  show  shot  line, 
deployment location and relocated position (white triangle). Couloring is proportional to water 
wave rms of different locations. The bottom panels show traveltime fitting of water wave for 
the deployment (left) and relocated positions (right).

The  seismic  records  were  further  pre-processed  by  applying  Automatic  Gain  Control, 
whitening  (a  predictive  deconvolution),  as  well  as  a  band-pass  filtering  of  5-20  Hz.  The 
different panels of Figure 7 correspond to the seismic data recorded at OBS deployed along 
profile P1, whereas those of Figure 8 are record sections at OBS and landstations deployed 
along P2. Most of the wide-angle data are of good quality, showing clear phases refracted at 
the sediments (Ps), and basement (Pb) up to more 100 km offset in some areas. Ps is clear in 
almost all record sections, but the Pb change significantly in the different regions. In some 
regions, Pb clearly correspond to a seimsic phase refracted at a oceanic-like crust (Pg), but in 
other regions, Pb shows apparent velocity that is much higher than that of a crust, indicating 
that it is probably a mantle refraction (Pn). Apart from the diffrerent refracted phases most 
record sections show clear  reflections at  the base of  the sedimentary layer(s)  (PsP) and 
several ones show reflections at the crust-mantle boundary (i.e. Moho reflections, PmP)

In P1, the OBSs showing the longests offsets are those located at the Tagus Abyssal plain 
(TAP), where seismic phases are clearly identified at distances over 150 km (Figure 7a). The 
maximum offset is smaller in the OBS located in the Gorringe bank (GB), Horseshoe and 
Seine Abyssal plains (HAP and SAP, respectively), where it rarely exceeds 80-90 km (Figure 
7b, 7c and 7d). It  is probably related to the nature of the seafloor, rather unconsolidated, 
gravitational unit in HAP, and rough topography in SAP. At short offsets, all the record sections 
show clear PsP phases. In TAP and SAP, there is only one single, low-velocity phase (Figure 
7e), whereas in GB and HAP there are two different sedientary phases that correspond to the 
upper (gravitational unit) and lower (Mesozoic sediments) levels (Figure 7f). SAP is the only 
place where a clear 

In  P2,  significant  variations are observed between record sections of  instruments located 
southward on top of the accretionnary wedge frontal part and instruments located northward 
in the Algarve basin area and on-land (Figure 8a and 8b). This is probably related partly to the 
strong change in  the  bathymetry  (~3000 m)  across  the  Gulf  but  also  to  a  strong lateral 
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variation in the crustal structure along the profile. Seismic sections from OBS located close to 
the Portimao canyon in very shallow water show weak information. On the other hand, far 
offset PmP and Pn phases can be traced without ambiguity on land-stations data (Figure 8c). 
Instruments  located  southward  in  deeper  water  show  clear  arrivals,  with  high  amplitude 
reflections  at  the  sediments-crust  boundary  (Ps and  PsP)  (Figure  8d)  and  crustal  arrival 
velocities reaching up to 7.0 km/s (Figure 8e). From the 7 land-stations records available, only 
the three located the closest to the coast were used in the modelling.

Figure 7a

Figure 7b
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Figure 7c

Figure 7d
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Figure 7e

Figure 7f

Figure 7.-  Record sections sponding to different OBS. For the particular locations of the different 
instruments see Figure 1.

Figure 8a
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Figure 8b

Figure 8c
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Figure 8d

Figure 8e

Figure 8.- Record sections of OBS located along profile P2. For OBS location see figure 1.
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5. Traveltime picking and seismic velocity modelling

5.1. Inversion technique and strategy

First arrival travel times (Ps and Pb -either Pg or Pn-), PsP and PmP reflections and the Pn 
phases were identified in the record sections. Picking was done manually on unfiltered data 
where possible and if necessary a whitening, a butterworth filter (5-20 Hz) and an AGC were 
used. PmP and Pn arrivals could not be identified on all the record sections, especially for 
shallow water instruments. Ps phases are observed and picked on OBS data located in the 
southern part of the P2 profile (OBS 31 to 38 + negative offsets of OBS 39 to 43) only. The 
estimated picking error takes into account the quality of the phase and a possible systematic 
shift in the arrival identification in order to weight the different picks during inversion. A 40-50 
ms and 60-70 ms picking error was assigned respectively to near offsets and far offsets Pg 
arrivals. A 60 and 90 ms error was assumed for Ps and Pn phases respectively, and 100 ms 
for PmP phases.

The 2D velocity-depth model was derived using the joint refraction and reflection travel time 
tomography  method  developed  by  Korenaga  et  al.  (2000).  This  method  allows  inverting 
simultaneously and independently first arrival travel times (refracted phases) and a reflection 
phase,  to  produce respectively  a  smooth velocity  model  and the geometry of  a reflector. 
Traveltimes and ray paths are calculated using a hybrid ray-tracing scheme based on the 
graph method and the local ray bending-refinement (van Avendonk et al., 1998). Smoothing 
constraints  from  predefined  correlation  lengths  and  optimized  damping  for  the  model 
parameters are used to regularize an iterative linearized inversion (see Korenaga et al., 2000 
for more details).

A preliminary inversion was performed in both P1 and P2 profiles using the entire data set, 
including Pg, Pb and PmP phases to invert for the velocity field and the geometry of the crust-
mantle boundary along the whole profile (the 2D starting velocity model being generated from 
a 1D reference velocity model that best fits the bathymetry-corrected traveltimes of Pg and Pn 
arrivals).  The  resulting  model  (not  shown)  along  P2  revealed  complex  crustal  structure 
variations and a sharp change in the Moho geometry that could not be taken into account 
properly through this global inversion and associated parameterization. Moreover, information 
given by the Ps refracted phases could not be added with such an inversion procedure.

That’s why the final  velocity  model  proposed here and shown as final  results  in the next 
section was constructed for  both P1 and P2 using a hybrid approach of multistep,  layer-
stripping tomography. The data were split into different parts in accordance with the variations 
observed between record sections of instruments located on top of the accretionnary wedge 
frontal part and instruments located in the Algarve basin area and on-land for P2 and for the 
OBS located at TAP and GB, HAP, and SAP in the case of P1. In the case of P2 the results 
obtained are almost final, and all the procedure was applied to the whole data set, but in the 
case of P1 the results shown are still preliminary and out team is presently working to refine 
them, specially at the deepest part. This is the reason why uncertainty analysis is still to be 
made in P1. We will thus first present here the results obtained in the different steps of the 
inversion procedure for P2, and then for P1.
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5.2. Profile P2

The intermediate velocity model for the south part of the profile (south intermediate velocity 
model) was constructed using two layers: (1) sediments and (2) crust. The sediment refracted 
Ps and reflected PsP phases were used to  invert  for  the velocities and thickness of  the 
accretionnary  wedge sedimentary  cover,  and  hence  the  geometry  of  the  sediments-crust 
boundary (Figure 9). For this first layer of the south intermediate velocity model (sediments 
section), the 2D starting velocity model was generated from a 1D reference velocity model 
that best fits the bathymetry-corrected traveltimes of Pg arrivals for the considered data set 
(OBS 31-38 + negative offset of OBS 39-43). The initial sediments-crust reflector was set to 
be horizontal at 7 km depth. Only the sediments refracted and reflected phases were included 
in the modelling.

Figure 9.- Seismic velocity model of the sedimentary layer obtained by joint inversion of Ps and PsP 
phases along profile P2 

The sedimentary section was then held weighted for the following inversion procedure, the 
latter being the inversion of the P-wave velocity structure for the crust using Pg and PmP 
arrivals in order to derive the crustal velocity field and Moho depth (Figure 10). To weight the 
structures obtained for the sediments unit inversion, a 2D velocity damping field with either 
large or low weighting factors depending on the zone to retain or invert in the considered 
inversion is defined. 

For the second layer of the south intermediate velocity model (crustal section), the 2D starting 
velocity model was built as follows: (i) the previously determined sedimentary section was 
weighted  by  using  spatial  damping  (Korenaga  et  al.,  2000),  and  (ii)  the  crustal  section 
underneath was represented by an arbitrary 1D velocity model varying from 5 km/s at ~8 km 
depth to 7 km/s at ~15 km depth with a constant vertical velocity gradient. The initial Moho 
reflector  was  set  to  be  horizontal  at  16  km  depth.  In  this  modelling  step,  we  included 
sediments and crustal  refracted phases (Pg) to their  maximum offset,  and the Moho was 
defined using the PmP phase simultaneously in the tomographic inversion. The final south 
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intermediate 2D velocity model is shown after 8 iterations of the inversion procedure.

Figure 10.- Seismic velocity model of the sediments and oceanic crust obtained by joint inversion of 
Ps, Pg and PmP phases along profile P2 

The intermediate velocity model for the north part of the profile (north intermediate velocity 
model)  was  constructed  using  one  layer  only  (sediments  +  crust)  as  no  clear  sediment 
refracted Ps phases could be identified on the record sections in this area. Here, sediments 
and crust  were inverted together using Pg and PmP phases to model  the corresponding 
velocity field and Moho geometry (Figure 11).

Figure 11.- Seismic velocity model of the sediments and crust at the ocean-continent transition zone 
obtained by joint inversion of Ps, Pg and PmP phases along profile P2 
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For the north intermediate velocity model, the 2D starting velocity model was generated from 
two 1D reference velocity models, which correspond to: (i) for the offshore part, the 1D log 
that best fits Pg arrivals from the OBS data located in the Algarve basin (positive offset of 
OBS 39-43 + OBS 44-45 (figure 3a, right)), and (ii) for the on-land part, a 1D log derived from 
a  seismic  refraction  study  done  in  this  area  (Palomeras  et  al.,  2008). At  the  sea-land 
transition,  the  seismic  velocities  of  the  reference  model  were  calculated  by  linerarly 
interpolating the two 1D velocity logs (figure 3a, right). The initial Moho reflector was set to be 
horizontal at 28 km depth. In this modelling step, we included sediments and crustal refracted 
phases  (Pg)  to  their  maximum offset,  and  the  Moho was defined  using  the  PmP phase 
simultaneously in the tomographic inversion. The final north intermediate 2D velocity model is 
shown after 7 iterations of the inversion procedure.

In  the last  step, the two intermediate models obtained were merged together  and a new 
inversion was performed: the whole Ps, Pg, PmP and Pn arrivals were inverted for the final 
and complete velocity field of the sediments, crust and mantle along the entire profile (Figure 
12). As Pn phases were little numerous compared with the other arrivals picked, the mantle 
velocity structure was inverted at this stage only. And as the Moho geometry was ready well 
defined from the intermediate velocity models, we chose to apply a high smoothing in depth 
during this last inversion.The reference velocity model for the final inversion step was built as 
follows: (i) the previously determined sedimentary and crustal structures for the south and 
north parts of the profile were merged together and weighted by using spatial damping, and 
(ii) the mantle section underneath was represented by an arbitrary 1D velocity model varying 
from 7.5 km/s at ~16 km depth to 8.5 km/s at ~35 km depth with a constant vertical velocity 
gradient. The reference Moho was also constructed by merging the final  Moho previously 
obtained for the south and north intermediate models. All Ps, Pg, Pmp and Pn arrivals form 
the entire data set were included in this last inversion step. The final 2D velocity model is 
shown after 7 iterations of the inversion procedure. Sediments and crustal velocity structures 
obtained are almost identical to the one resulting from the intermediate steps.
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Figure 12.-Full seismic velocity model of the sediments, crust and upper mantle obtained by joint 
inversion of Ps, Pg, PmP and Pn phases along profile P2 

The decrease of the root mean square (RMS) value from the first to the last iteration for both 
intermediate  and  merged  models  is  significant,  from  431  to  65  miliseconds.  This  rms 
reduction indicates a good convergence of the inversion procedure at each step of this hybrid 
approach of layer-stripping tomography. Examples of  picked and calculated travel times for 
intermediate models and corresponding ray-tracing are shown in figures 13 and 14. 
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Figure 13.- Observed  travel  times for Ps and PsP phases (top) and Ps, Pg, and PmP 
phases (mid) (solid circles with error bars) and calculated traveltimes (white circles), at all 
OBS along P2, using the velocity model shown in figure 12. The bottom panel is the same as 
the mid one but for the northernmost OBS and landstations (ocean-continent transition) 
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Figure 14.- Ray-tracing of seismic phases used to construct the models shown in Figures 9 (up) and 
10 (botom).
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5.3. Profile P1

The intermediate velocity model for the TAP, GB and HAP and SAP in the northern half of the 
profile  was constructed using two layers:  (1)  sediments and (2)  basement.  The sediment 
refracted Ps and reflected PsP phases were used to invert for the velocities and thickness of 
the thick sedimentary cover,and hence the geometry of the sediments-basement boundary. 
(Figure 15). For this first layer of the south intermediate velocity model (sediments section), 
the 2D starting velocity model was generated from a 1D reference velocity model that best fits 
the bathymetry-corrected traveltimes of Pg arrivals for the considered data set (OBS 1-30). 
The  initial  sediments-crust  reflector  was  set  to  be  horizontal  at  7  km  depth.  Only  the 
sediments refracted and reflected phases were included in the modelling.

Figure 15.-  Seismic velocity model of the sedimentary layer obtained by joint inversion of Ps and 
PsP phases along profile P1 

The sedimentary section was then held weighted for the following inversion procedure, the 
latter being the inversion of the P-wave velocity structure for the crust using Pg and PmP 
arrivals in order to derive the crustal velocity field and Moho depth. Crustal phases were only 
identified in the southern part of the profile P1, this is at the SAP. The model obtained by joint 
Ps, Pg and PmP inversion in this sector of P1 is shown in Figure 16. To weight the structures 
obtained for the sediments unit inversion, a 2D velocity damping field with either large or low 
weighting factors depending on the zone to retain or invert in the considered inversion was 
defined as in the case of P2. 

For the second layer of the SAP (crustal section), the 2D starting velocity model was built as 
follows:  (i)  the  previously  determined sedimentary  section  was weighted  by  using  spatial 
damping, and (ii) the crustal section underneath was represented by a 1D velocity model with 
a velocity gradient varying from 5 km/s at ~8 km depth to 7 km/s at ~15 km depth. As in P2, 
the initial Moho reflector was set to be horizontal at 16 km depth. In this modelling step, we 
included sediments and crustal refracted phases (Pg) to their maximum offset, and the Moho 
was defined using the PmP phase simultaneously in the tomographic inversion.  The final 
south intermediate 2D velocity model is shown after 9 iterations of the inversion procedure.
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Figure 16.- Seismic velocity model of the sediments and oceanic crust obtained by joint inversion of 
Ps, Pg and PmP phases along the southernmost part of profile P1 (i.e., the Seine Abyssal Plain).

In  the last  step, the two intermediate models obtained were merged together  and a new 
inversion was performed: the whole Ps, Pg, PmP and Pn arrivals were inverted for the final 
and complete velocity field of the sediments, crust and mantle along the entire profile (Figure 
17). Most of the phases identified in the record sections along P1 were therefore identified as 
Pn, this is mantle refractions. As stated above, the only place were crust—mantle boundary 
reflections were identified is SAP, which means that in the rest the basement in probably not 
crust  but  mantle  (Pn  phases).  The  Moho  geometry  was  ready  well  defined  from  the 
intermediate velocity models, so we choose to apply a high smoothing in depth during this last 
inversion.The reference velocity model for the final inversion step was built as follows: (i) the 
previously determined sedimentary and crustal structures for the south and north parts of the 
profile were merged together and weighted by using spatial  damping, and (ii)  the mantle 
section underneath was represented by an arbitrary 1D velocity model varying from 7.5 km/s 
at ~16 km depth to 8.3 km/s at ~35 km depth with a constant vertical velocity gradient. The 
reference Moho was also constructed by merging the final Moho previously obtained for the 
south and north intermediate models. All Ps, Pg, Pmp and Pn arrivals form the entire data set 
were included in this last inversion step. The final 2D velocity model is shown after 8 iterations 
of the inversion procedure. 
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Figure 17.-  Full seismic velocity model of the sediments, crust and upper mantle obtained by joint 
inversion of Ps, Pg, PmP and Pn phases along profile P1 

The decrease of the root mean square (RMS) value from the first to the last iteration for both 
intermediate  and  merged  models  is  significant,  from  520  to  82  miliseconds.  This  rms 
reduction indicates a good convergence of the inversion procedure at each step of this hybrid 
approach  of  layer-stripping  tomography.  However,  the  inversion,  specially  for  the  upper 
mantle should be improved,  to have a smoother velocity model,  since most  of  the short-
wavelength variations present in the model are most likely due to spurious phases identified 
as real in the record sections. Examples of picked and calculated travel times for intermediate 
models and corresponding ray-tracing are shown in figures 18 and 19. 
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Figure 18.- Observed  travel times for Ps and PsP phases (top) and Ps, Pg, and Pn phases 
(bottom) (solid circles with error bars) and calculated traveltimes (white circles), at all OBS 
and landstations along P1, using the velocity model shown in figure 17.

Figure 19.- Ray-tracing of seismic phases used to construct the models shown in figure 17.

The derivative weight sum (DWS),  which is the column sum vector of  the velocity  kernel 
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(Toomey and Foulger, 1989) and provides information on the ray density and thus the linear 
sensitivity of the inversion, is shown for the final velocity model in Figure 20.

Figure 20.- Derivative weight sum corresponding to the velocity model displayed in figure 17 
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6. Uncertainty analysis and sensitivity test

6.1. Uncertainty analysis of model parameters

Statistical  uncertainty  analysis  is  becoming  a  common pool  to  evaluate  how reliable  the 
inverted velocity and reflector geometry actually are. Monte Carlo-like techniques as those 
originally  proposed  by  Tarantola  (1987),  have  been  applied  to  wide-angle  seismic  data 
modelling in order to evaluate the level  of  dependency of  the final  model  on the starting 
model,  the  validity  of  the  methodological  approximations  made  (e.g.  linearization),  the 
limitations derived of the experiment setup, as well as the influence of picking errors. We have 
therefore conducted a statistical uncertainty analysis following the same approach for each 
step  of  the  modelling  process:  (1)  generation  of  a  set  of  100  2D  starting  Monte  Carlo 
ensembles was generated by  randomly perturbing velocities (±0.35 km/s) of the reference 
models. Associated noisy data set was constructed by adding random common phase errors 
(±50  ms)  and common receiver  errors  (±50 ms)  to  the  initial  reference data  set.  (2)  the 
iterative inversion of each of the 100 perturbed velocity models and noisy data set was then 
performed. The mean deviation of all realizations of such an ensemble is a statistical measure 
of the model parameters uncertainties (Tarantola, 1987). The same inversion procedure has 
been followed and depicted in  previous works in  other  areas (e.g.,  Sallarès et  al.,  2005; 
Gailler et al., 2007, 2009). Results from our calculations for the sediments and the crust are 
shown in figures 21, 22 and 23. As stated in the previous section, at this stage we have only 
made the uncertainty analysis of profile P2. The same approach will be applied to P1 once 
the modelling is finished.

Figure 21.- Uncertainty of sediments velocity and the geometry of the top of the basement 
corresponding to model shown in figure 9. 
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Uncertainties in the accretionnary wedge sediments section are low (~0.1 km/s), except close 
to the sediments-crust reflector (~0.20 km/s), due to a trade-off between Pg refracted and Pr 
reflected phases sampling this area (figure 21). Uncertainties below in the crust are also low 
(~0.1 km/s), confirming that we can be confident in the velocity values obtained for the south 
part of the model (up to 160 km distance). The geometry and depth of the sediments-crust 
and crust-mantle boundaries in this area are also accurately determined, with ~0.5 km depth 
uncertainty or even less (figure 22).

Figure  22.-  Uncertainty  of  oceanic  crustal  velocity  and  the  geometry  of  the  Moho 
corresponding to model shown in figure 10. 

The northernmost part of the model and most of the transition zone (from 160 km distance) 
show  quite  high  crustal  velocity  uncertainties  (0.15-0.20  km/s  in  average,  figure  23). 
Uncertainties linked to the sediments are slightly lower in comparison (~0.10 km/s). Velocity 
values here must be considered as less well constrained, due to the lack of multi-fold ray 
coverage in this area, especially in the deep part of the model mostly sampled by PmP 
arrivals (Figure 3d-right). However, uncertainties on Moho depth are quite low, with estimates 
of ~1 km in the transition zone, and ~2 km northward, in the deepest part of the model (figure 
23).

The largest uncertainties are observed in the mantle (~0.25 km/s, Figure 4c), also due to a 
lack of multi-fold ray coverage. The number of Pn arrivals picked (Table 1) did not allow a 
regular sampling of the upper mantle (as confirmed by the DWS, Figure 4d). This indicates 
that absolute velocities are poorly constrained compared to the rest of the model.
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Figure 23.-  Uncertainty of crustal velocity and the geometry of the Moho at the continent-
ocean transition corresponding to the model shown in figure 11.
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Figure 24.- Sensitivity test made for mantle velocities. The model in the upper panel has 
been obtained wit a initial mantle velocity of 7.0 km/s, and the bottom panel with a mantle 
velocity of 8.0 km/s.

For the complete model  (Figure 11) an additional  test  has been done to check how well 
resolved the mantle velocities actually are. For this the velocity of the reference model was 
changed between 7.0 km/s and 8.0 km/s, keeping the rest of the model fixed. Figure 24 show 
the results obtained with these two initial models after 6 iterations. The results indicate that 
the remarkably low mantle velocities obtained are a real, robust feature and not a modeling 
artifact.
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7. Results and conclusions

The region offshore the SW Iberian margin hosts the present-day NW-SE plate convergence 
between the European and African Plates at a rate of 4.5 mm/yr, fact that causes continuous 
seismic activity of moderate magnitude in the area. In autumn 2008 a Spanish-French team 
carried out a refraction and wide-angle reflection seismic survey in the area (NEAREST-SEIS 
cruise), in the framework of the EU, FP6-funded NEAREST project. During the survey two 
long seismic profiles were acquired using a pool of 36 Ocean Bottom Seismometers (OBS), 
with the objectives of providing information about the geometry of the crust-mantle boundary 
and  the  physical  properties  of  the  crust,  revealing  the  deep  geometry  of  the  main  fault 
interfaces, and identifying the nature of the basement and the limits of the different geological 
provinces in the region.

The results obtained to date are almost definitive along P2, where the full sequenbce of data 
acquisition, processing, seismic phase identification, picking and refinement, wide-angle data 
modelling and uncertainty analysis has been completed. In the case of P1, there is still work 
to be done specially concerning data picking refinement and uncertainty analysis. 

In sections 7.1 and 7.2 we make a brief description of the results obtained along those two 
profiles. The interpretation made is preliminary, specially in the case of P1, and could vary 
depending on the final modelling. In the case of P2 the model obtained is more reliable and 
the interpretation made is thus more robust.

7.1. Seismic structure along P1

A total of 30 OBS were deployed along profile P1, which is 356 km long and extends from the 
Tagus abyssal plain (TAP), crossing the Gorringe bank (GB), the Horseshoe abyssal plain 
(HAP) and the Coral Patch Ridge (CPR), and the thrust-and-fold belt of the Seine abyssal 
plain (SAP). The acquired data were modelled by joint  refraction and reflection traveltime 
inversion, following a layer-stripping strategy. The inverted model show four well-differentiated 
domains in terms of its seismic structure: In the TAP a 3-4 km-thick, low velocity sedimentary 
layer that covers the basement, which shows a strong velocity gradient reaching remarkably 
high  velocity  (>7.5  km/s)  at  very  shallow level  (<2  km below top  of  the  basement).  The 
velocity structure of the Gorringe ban is similar to the TAP, showing a finer layer of sediments 
covering a high velocity basement that likely correspond to mantle instead of crust. In the 
HAP the sedimentary cover is thicker, showing an upper unit with low velocity corresponding 
to the Horseshoe gravitational unit, on top of a higher velocity lower unit, which may represent 
the  highly  consolidated  Mesozoic  sedimentary  sequence.  The thickness  of  the  two  units 
together  exceeds  5  km  in  most  of  the  HAP.  The  basement  shows  the  same  velocity 
distribution as in TAP and GB,  suggesting a common nature and origin.  According to  its 
seismic  structure,  and considering  that  there is  no  evidence for  the  presence of  a  basal 
reflector  (e.g.  Moho)  in  the  record  sections,  we  interpret  this  basement  as  highly 
serpentinized,  exhumed  mantle.  In  contrast,  the  CPR  and  SAP show  evidences  for  the 
presence  of  a  well-developed,  6-7  km-thick  oceanic  crust,  underlying  the  2-3  km-thick, 
moderate velocity, Mesozoic sedimentary sequence. 

7.1 Seismic structure along P2

Profile P2 is 256 km long, and trends S-N extending from the easternmost Seine abyssal 
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plain beyond the NW Moroccan margin, crossing the Gulf of Cadiz imbricated wedge and the 
Portimao bank ending at the Iberian margin shelf. 15 OBS and 7 land-stations were deployed 
along this profile, and the recorded data were modelled following the same approach and 
strategy as for P1. The inverted model shows two main domains: In the southern half, there is 
a 3-4 km-thick cover of low velocity sediments, which represents the western edge of the 
sedimentary wedge that covers the internal Gulf of Cadiz, overlying a 7-8 km-thick oceanic 
crust. According to recent tectonic reconstructions, this crustal segment should have been 
emplaced there during the early phase of continental spreading between Iberia and Africa, in 
the context of Mesozoic Atlantic spreading. The northern part of P2 displays a relatively sharp 
ocean-continent transition zone concentrated in a ~50 km-wide band, that ends with the ~30 
km-thick continental crust of the SW Iberian shelf.
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