Maria C Neves 
email: mcneves@ualg.pt
  
Rui G M Neves 
  
Flexure and Seismicity across the Ocean-Continent Transition in the Gulf of Cadiz

Keywords: Flexure, strength, ocean-continent transition, seismicity, Gulf of Cadiz

In the Gulf of Cadiz the water/sediment load and the density contrasts between the continental and oceanic lithosphere are sources of vertical loading causing flexure. The main objective of this work is to investigate the relation between the bending stresses associated with flexural isostasy and the observed pattern of deformation and seismicity.

 vertical section of the lithosphere, approximately perpendicular to the Africa-Eurasia convergence. We find that the flexural stresses are focussed in the ocean-continent transition, within a zone approximately 150 km wide, between the base of the continental slope and the Horseshoe Abyssal Plain. We show

Introduction

The Gulf of Cadiz, including the Algarve continental margin and the seaward continuation of the Guadalquivir Basin, frames the Africa-Eurasia plate boundary to the west of the Gibraltar Strait (Figure 1). Its structure is the result of a complex evolution involving several processes (e.g. [START_REF] Gràcia | Crustal architecture and tectonic evolution of the Gulf of Cadiz (SW Iberian margin) at the convergence of the Eurasian and African plates[END_REF]: (1) extensional processes related to Pangea rifting and Atlantic opening which led to the creation of a passive margin in the western part of the Gulf; (2) convergence between the African and Eurasian plates that, since the Oligocene, dominates the structural and tectonic setting; and (3) the westward movement of In process (1), rifting along the southern Iberian margin started approximately in the Early Jurassic (190Ma) resulting in the break-up of a previously existing large carbonate and clastic shelf (e.g. [START_REF] Andeweg | Cenozoic tectonic evolution of the Iberian Peninsula, causes and effects of changing stress fields[END_REF]. Active rifting changed to post-rift during the Late Jurassic (160Ma) with related thermal subsidence lasting until the Cretaceous (Vera, 1988 in [START_REF] Andeweg | Cenozoic tectonic evolution of the Iberian Peninsula, causes and effects of changing stress fields[END_REF]. The early evolution of the margin and the limits of the oceanic and continental domains in the Gulf of Cadiz remain unclear. Wide-angle and seismic reflection data, as well as gravity data, indicate a continental domain beneath the central Gulf of Cadiz, with Moho depths varying between ~30 km near the coastline to ~20 km offshore, and an oceanic domain in the region of the Horseshoe Abyssal Plain, with Moho depths of ~12 km (e.g. [START_REF] Purdy | The Eastern end of the Azores-Gibraltar plate boundary[END_REF][START_REF] González-Fernández | Seismic crustal structure in the Gulf of Cadiz (SW Iberian Peninsula)[END_REF][START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF].

However, the location of the ocean-continent transition is controversial, with some authors arguing that a portion of oceanic lithosphere, formed during the Tethys opening, is still present in a presumed fore arc region in the central part of the Gulf (e.g. [START_REF] Maldonado | The Betic orogen and the Iberian-African boundary in the Gulf of Cadiz: geological evolution (central North Atlantic)[END_REF][START_REF] Gutscher | Evidence for active subduction beneath Gibraltar[END_REF]. In the cross section of the lithosphere we consider in this study, the ocean-continent transition occurs in the contact area between transition zones 1 and 2 in Figure 1. Process (2), the convergence between the Africa and the Eurasia plates, has been one of the most important sources of stress not only in the Gulf of Cadiz but also all over Iberia [START_REF] Andeweg | Cenozoic tectonic evolution of the Iberian Peninsula, causes and effects of changing stress fields[END_REF]. Large-scale lithosphere and upper crustal folding distributed across Iberia, with dominant wavelengths of ~250 km and ~50 km, has been shown to have A c c e p t e d M a n u s c r i p t 4 resulted from shortening at both the northern and southern margins of Iberia (Cloetingth et al., 2002). The plate kinematics computed from GPS data shows that present-day Africa-Eurasia convergence occurs in a NW-SE to WNW-ESE direction at a rate of approximately 4-5 mm/yr (e.g. [START_REF] Fernandes | The relative motion between Africa and Eurasia as derived from ITRF2000 and GPS data[END_REF][START_REF] Nocquet | Geodetic Measurements of Crustal Deformation in the Western Mediterranean and Europe[END_REF][START_REF] Fernandes | Surface velocity field of the Ibero-Maghrebian segmentof the Eurasia-Nubia plate boundary[END_REF].

In the Gulf of Cadiz this convergence is essentially accommodated by diffuse brittle deformation as evidenced by widely developed tectonic structures, with different orientations and kinematics: predominantly NNE-SSW striking thrusts and WNW/ESE trending dextral strike-slip faults (e.g. [START_REF] Gràcia | Crustal architecture and tectonic evolution of the Gulf of Cadiz (SW Iberian margin) at the convergence of the Eurasian and African plates[END_REF][START_REF] Sartori | Eastern segment of the Azores-Gibraltar line (central-eastern Atlantic): an oceanic plate boundary with diffuse compressional deformation[END_REF][START_REF] Pinheiro | The Western Iberia Margin: a Geophysical and Geological Overview[END_REF][START_REF] Hayward | A seismic reflection and GLORIA study of compressional deformation in the Gorringe Bank, eastern North Atlantic[END_REF][START_REF] Zitellini | Source of 1755 Lisbon Earthquake and Tsunami Investigated[END_REF]Zittelini et al., 2004;Terrinha et al., 2003;[START_REF] Medialdea | Structure and evolution of the "Olistostrome" complex of the Gibraltar Arc in the Gulf of Cádiz (eastern Central Atlantic): evidence from two long seismic cross-sections[END_REF]. Other evidence of this diffuse brittle deformation is the seismicity in the area. Earthquake epicentres are mainly limited to an E-W trending area about 150 km wide and ranging from 7°W to 12°W (Figure 1). Most earthquakes occur at depths less than 150 km (e.g. [START_REF] Bufforn | Seismic Sources on the Iberia-African Plate Boundary and their Tectonic Implications[END_REF]. Large events occur at shallow depths (< 30 km) and show thrust and strike-slip faulting mechanisms consistent with the predominant NNE-SSW and WNW-ESE fault directions under the observed NW-SE convergence direction (e.g. Stich et al., 2006).

The dominance of the evidence of compression may explain why flexural effects have so far been neglected in the offshore region. Inland, flexural isostasy plays a major role, particularly in the Guadalquivir Basin, whose origin is explained by an elastic plate model loaded both on top by topography and from below by crustal and lithospheric mantle thickness variations (Van der Beek and Cloetingth, 1992). Further flexural modelling of the evolution of this basin emphasized the role of rheological layering and pointed to the A c c e p t e d M a n u s c r i p t 5 importance of viscous stress relaxation and/or plastic yielding within the lithosphere (Garcia-Castelhanos et al., 2002). Offshore the Algarve margin, flexural effects may also arise due to the lateral density variations created by the co-existence of the oceanic and continental domains.

However, previous numerical models in the Gulf of Cadiz have ignored the strength of the lithosphere and assumed local isostatic equilibrium. This assumption was made in the study by [START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] who used a finite element code to solve simultaneously the geopotential, lithostatic and heat transport equations to estimate the rock parameters and thermal properties of the lithosphere along a profile across the ocean-continent transition. It was also made by Jimenez-Munt et al. (2001) and [START_REF] Negredo | Neotectonic modeling of the Ibero-Maghrebian region[END_REF] who used the thin sheet approach to provide first order approximations of the strain and strain rate distribution in the Gulf of Cadiz. These efforts allowed the testing of hypotheses about kinematic poles and boundary conditions and provided indications on the long-term seismic hazard of faults by estimating their fault slip rates. Nevertheless, this 2D horizontal approach cannot resolve vertical variations of strength and neglects flexural stresses.

In this work we aim to address these issues. Our main goals are threefold: (1) provide an estimate of the bending stresses and assess how important flexural isostasy may be in the Gulf of Cadiz; for this we model the [START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] vertical profile cutting across the continental and oceanic domains; (2) investigate the role of a layered rheology in the stress distribution; for this we use the crustal structure documented by [START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] to infer the vertical strength variations along the same profile and estimate the mechanical thickness in this region; and (3) explore the relation between the bending A c c e p t e d M a n u s c r i p t 6 stresses and the seismicity. Recognising that the bending stresses induced by flexural loading might be one of the possible causes of earthquakes (e.g. [START_REF] Watts | Isostasy and flexure of the lithosphere[END_REF], we combine the strength analysis with the numerical modelling to investigate the relation between flexure and the observed pattern of deformation and seismicity.

Crustal Structure

The lithospheric structure in the Gulf of Cadiz has been the subject of numerous seismic campaigns justified in part by the seismic hazard risk in this region. In addition to the seismic reflection profiles of the oil industry, many near-vertical reflection, refraction and wide-angle reflection profiles have been acquired in recent years within the scope of projects such as RIFANO92, IAM93, BIGSETS98, TASYO-2000, SISMAR2001 and VOLTAIRE2002. Among these projects IAM93 was pioneer in revealing the deep structure of the crust and mantle [START_REF] Banda | Iberia Atlantic Margin Group investigates deep structure of ocean margins[END_REF]. The combined interpretation of near-vertical reflection and refraction/wide-angle reflection IAM data first suggested that the crust underlying the eastern and central part of the Gulf of Cadiz is of continental type, with a continental basement formed by Precambrian and Palaeozoic rocks [START_REF] González-Fernández | Seismic crustal structure in the Gulf of Cadiz (SW Iberian Peninsula)[END_REF]. The Moho gradually shallows from a depth of 30-32 km in the continental margin of SW Iberia to 10-12 km in the Horseshoe Abyssal Plain (HAP), reaching values of less than 7 km in the Seine Abyssal Plain (SAP) [START_REF] Purdy | The Eastern end of the Azores-Gibraltar plate boundary[END_REF][START_REF] Sartori | Eastern segment of the Azores-Gibraltar line (central-eastern Atlantic): an oceanic plate boundary with diffuse compressional deformation[END_REF][START_REF] Matias | A sismologia experimental na modelação da estrutura da crosta em Portugal Continental[END_REF][START_REF] González | Seismic crustal structure in the southwest of the Iberian Peninsula and the Gulf of Cadiz[END_REF]. The oceanic nature of the crust in the HAP, the SAP and in the Gorringe Bank is generally accepted on the grounds of seismic interpretation, gravity anomaly modelling and bottom sampling (e.g. [START_REF] Purdy | The Eastern end of the Azores-Gibraltar plate boundary[END_REF][START_REF] Hayward | A seismic reflection and GLORIA study of compressional deformation in the Gorringe Bank, eastern North Atlantic[END_REF] A c c e p t e d M a n u s c r i p t 7 [START_REF] Gràcia | Crustal architecture and tectonic evolution of the Gulf of Cadiz (SW Iberian margin) at the convergence of the Eurasian and African plates[END_REF]. In the region between the continental domain of the Gulf of Cadiz and the oceanic domain of the HAP there is no clear evidence of crust type.

The section of the lithosphere considered in this study is represented in Figure 2. Between the eastern end of the HAP and Cape San Vincent (CSV) it coincides with seismic reflection profile IAM3, already studied in great detail by several authors (e.g. Gonzalez et al., 1996;[START_REF] Tortella | Geodynamic Evolution of the Eastern Segment of the Azores-Gibraltar Zone: The Gorringe Bank and the Gulf of Cadiz Region[END_REF]. In the SAP the crustal structure is based on the work of [START_REF] Purdy | The Eastern end of the Azores-Gibraltar plate boundary[END_REF], [START_REF] Sartori | Eastern segment of the Azores-Gibraltar line (central-eastern Atlantic): an oceanic plate boundary with diffuse compressional deformation[END_REF] and [START_REF] Medialdea | Structure and evolution of the "Olistostrome" complex of the Gibraltar Arc in the Gulf of Cádiz (eastern Central Atlantic): evidence from two long seismic cross-sections[END_REF]. Inland of CSV, in the South Portuguese Zone, it is based on the interpretation of seismic wide-angle and refraction data by [START_REF] Matias | A sismologia experimental na modelação da estrutura da crosta em Portugal Continental[END_REF] and [START_REF] González | Seismic crustal structure in the southwest of the Iberian Peninsula and the Gulf of Cadiz[END_REF]. Rather than strictly following the seismically defined interfaces, we incorporate the results of the modelling of [START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] to define the geometry and physical properties of the different layers.

Regarding the basement, four main zones can be identified along the section of Figure 2.

From SW to NE: (1) an oceanic domain around the SAP where the crust, about 7 km thick, is divided into an upper part with P-wave velocities in the range 4.1-5.6 km/s and a lower part with velocities of about 6.3 km/s; (2) a transitional domain spanning from around km-300 to km-150 where the crust has an intermediate composition/density between that of oceanic crust/2840 kg/m 3 and that of upper continental crust/2740 kg/m 3 ; (3) a second transitional domain ranging from km-150 km to km-50 consisting of stretched continental lithosphere. This domain consists of two layers with seismic velocities analogous to the upper and middle continental crust; (4) a continental crust characterized by three layers that thickens to 30 km within 50 km of CSV. Here P-wave velocities are 5.2-6.1 km/s in the upper crust, 6.2-6.4 km/s in the middle crust, 6.7-6.9 km/s in the lower crust and 8.1-8. The sedimentary cover is continuous from the SAP to CSV having a variable thickness that reaches its maximum (~ 2 s TWT) in the eastern HAP. It consists of five stratigraphic units, spanning in age from upper Jurassic-lower Aptian at the base to Miocene-Quaternary at the top [START_REF] Tortella | Geodynamic Evolution of the Eastern Segment of the Azores-Gibraltar Zone: The Gorringe Bank and the Gulf of Cadiz Region[END_REF][START_REF] Medialdea | Structure and evolution of the "Olistostrome" complex of the Gibraltar Arc in the Gulf of Cádiz (eastern Central Atlantic): evidence from two long seismic cross-sections[END_REF]. Among these units the allochthonous body of the Gulf of Cadiz, about 400-500 ms TWT thick in the HAP, is particularly relevant for its chaotic character and role in the geodynamic evolution of this region. Pwave velocities in the depositional sequence range from 2.0 km/s in the post-Miocene marine sediments at the top to 3.7 km/s in what is interpreted as the Mesozoic carbonate succession also found in the Algarve margin outcrops.

The SAP and the HAP are characterised by active thrust tectonics, with a northwestward verging thrust system trending NNE-SSW affecting both the sediment cover and the basement. Some of these thrust faults are observed as internal crustal reflectors that sole out developing seafloor elevations (e.g. Terrinha et al., 2003;[START_REF] Medialdea | Structure and evolution of the "Olistostrome" complex of the Gibraltar Arc in the Gulf of Cádiz (eastern Central Atlantic): evidence from two long seismic cross-sections[END_REF].

Shortening in the region is also expressed as large amplitude (up to 800 m) and intermediate wavelength (10-60 km) folds of the sediments and basement [START_REF] Hayward | A seismic reflection and GLORIA study of compressional deformation in the Gorringe Bank, eastern North Atlantic[END_REF][START_REF] Medialdea | Structure and evolution of the "Olistostrome" complex of the Gibraltar Arc in the Gulf of Cádiz (eastern Central Atlantic): evidence from two long seismic cross-sections[END_REF]. Similar intermediate wavelength folds are also observed within the Iberia Peninsula (Cloetingh et al., 2002). The NNE-SSW thrust system is crosscut by lineaments trending WNW-ESE that have been interpreted as seafloor manifestations of deep right-lateral strike-slip faults (Terrinha et al., submitted).
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Seismicity

The seismicity data used in this study is taken from the IM Seismic Catalogue of Continental Portugal and adjacent region for 1970-2000, and from the ISC catalogue (http://www.isc.ac.uk/Bulletin) for the period from 1964 to the present. As shown in Figure 1 the seismicity from 12° W to 7° W is distributed in an E-W direction within a band of approximately 150 km. Within this band three regions of concentrated events, which seem to be SW-NE oriented, can be recognised: the region of the Gorringe Bank, the region that runs from CSV along the S. Vicente Canyon to the HAP, and the region of the Guadalquivir Bank. The largest events concentrate in the HAP (29.2.1969, Ms=8 and12.2.2007, Mw=6.1) but the majority have small to moderate magnitudes (Ms < 5).

Earthquakes are observed up to 140 km depth both in the oceanic and continental domains (e.g. Buforn et al., 2004). In the oceanic lithosphere the brittle-ductile transition often occurs in the mantle so the depths of the events recorded to the west of 10° W are considered normal. In the region to the east of this longitude the explanation for the observed intermediate-depth seismicity is more controversial since the continental mantle is generally aseismic at these depths.

Focal mechanisms show essentially thrust and strike-slip faulting, with thrusting motion dominating (e.g [START_REF] Udías | Seismotectonics of the Azores-Alboran region[END_REF][START_REF] Grimison | The Azores-Gibraltar plate boundary: Focal mechanisms, dephts of earthquakes and their tectonic implications[END_REF][START_REF] Borges | Seismotectonics of Portugal and its adjacent area[END_REF]Buforn et al., 2004) . The strike-slip solutions have predominantly E-W striking planes with rightlateral motion. The seismicity studies are unanimous in considering that both thrust and A c c e p t e d M a n u s c r i p t 10 strike slip events are compatible with a NNW-SSE direction of horizontal maximum of compression (σ 1 ), close to the direction of the plate convergence between Africa and Eurasia. Furthermore, both the shallow and deep earthquakes show the same direction of maximum compression, supporting the hypothesis of mechanical crust-mantle coupling (Stich et al., 2006). There is nonetheless some evidence that the least compressive stress is steeper at the surface and more sub-horizontal at depth, suggesting a transition in the faulting regime from reverse faulting at shallow depths to strike-slip faulting at intermediate depths (Stitch et al., 2006).

Figure 3 shows a cross section of the seismicity along the profile considered in this study.

All projected earthquakes lie in a 150 km wide band centred on the profile thus excluding events in the Gorringe Bank and in the Guadalquivir Bank. Alignments of earthquakes at 10 and 30 km depth have been filtered out from the IM database as these correspond to poorly constrained hypocenters (F. Carrilho, personal communication). The geometry of the crust is shown in the background for reference, but note that the vertical axis in Figure 3 represents depth below the seafloor and not depth below sea level as in Figure 2.

Looking at Figure 3 we can divide the seismicity into four main zones: (1) a practically aseismic oceanic domain; (2) a transitional domain called "transition 2" dominated by the cluster of relatively larger earthquakes in the HAP extending from km-250 to km-150; (3) another transition zone called "transition 1", from km-150 to km-50, marked by the cluster of small magnitude events near the base of the crust running along San Vincent Canyon.

Their alignment suggests the presence of a fault plane sub-parallel to the base of the crust; and finally (4) a continental domain characterised by small magnitude earthquakes mostly near Monchique contributed to the high density of recorded events near km-50 (Carrilho et al., 2004). Relatively larger events (M L > 4) occur at the top of the crust and in the upper mantle beneath the continental shelf. These events have known fault plane solutions showing a dominant strike-slip faulting regime. Extension parallel to the steepest topography due to lateral density variations can facilitate the strike slip regime here, i.e. modify pure compression to strike slip [START_REF] Andeweg | Cenozoic tectonic evolution of the Iberian Peninsula, causes and effects of changing stress fields[END_REF].

Rheology

Deformation laws

To constrain the mechanical structure of the lithosphere in the Gulf of Cadiz we use the concept of yield strength envelope. This concept is based on the assumption that at low confining pressures and temperatures fracturing is predominant, while at high temperatures creep deformation mechanisms dominate in the lithosphere. For the brittle regime the critical stress difference at failure (the yield strength) is given by the Coulomb frictional law, assuming faults of favourable orientation and negligible cohesion (Sibson, 1974),

) 1 ( 3 1 λ ρ α σ σ - = - z g (Eq. 1)
where σ 1 -σ 3 is the maximum stress difference, α is a constant related to the fault type and frictional coefficient, ρ is the average density of rocks above depth z, and λ is the pore fluid In the ductile regime, deformation is assumed to follow a power-law dislocation creep equation [START_REF] Ranalli | Rheology of the Earth[END_REF],

            = - nRT A B n exp 1 3 1 ε σ σ ɺ (Eq. 2)
where ε ɺ is the strain rate (s -1 ), R is the universal ideal gas constant, T is the absolute temperature, A is the creep activation enthalpy and B and n are material creep parameters.

The yield strength envelope is built assuming that at each depth the maximum stress difference is given by the minimum of Eq. ( 1) and (2). We further assume, as a first-order approximation, that the brittle-ductile transition is sharp.

We also assume that the present-day bulk strain rate is 10 -16 s -1 . This is an average value consistent with measurements of present-day shortening rates of 4-5 mm/yr (e.g. [START_REF] Fernandes | The relative motion between Africa and Eurasia as derived from ITRF2000 and GPS data[END_REF] averaged over an area of horizontal deformation of about 150 km, and also with numerical modelling results in the Gulf of Cadiz that include the contribution of both fault slip and inelastic deformation (Jimenez-Munt et al., 2001;[START_REF] Negredo | Neotectonic modeling of the Ibero-Maghrebian region[END_REF].
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The rheological structure along the profile was derived from the density and seismic velocity model (Figure 2) following studies that correlate seismic velocities measured in the laboratory and the dominant lithology (e.g. Christensen and Mooney, 1995;[START_REF] Okaya | A lithospheric cross-section through the Swiss Alps-II. Constraints on the mechanical structure of a continent-continent collision zone[END_REF]. Although a unique correlation does not exist, a first order petrological classification derived from seismic P-wave velocities and densities is listed in table 1. Creep parameters for the several rheologies were taken from [START_REF] Afonso | Crustal and mantle strengths in continental lithosphere: is the jelly sandwich model obsolete?[END_REF].

The main lithologic units in the continent are quartzite in the upper crust, felsic granulite in the middle crust, mafic granulite in the lower crust and peridotite in the mantle. We have adopted hydrated rheologies because these seem to be appropriate in most continental environments affected by Post-Paleozoic tectono-thermal events [START_REF] Afonso | Crustal and mantle strengths in continental lithosphere: is the jelly sandwich model obsolete?[END_REF]. For the oceanic crust we assumed the wet diabase deformation law.

Temperature and Strength

Estimates of surface heat flow in SW Iberia are scarce. In the South Portuguese Zone the few measurements available range between 60 and 70 mW/ m 2 [START_REF] Fernandez | Heat flow, heat production, and lithospheric thermal regime in the Iberian Peninsula[END_REF], so we assumed a continental surface heat flow of 64 mW/m 2 . Offshore the heat flow is even less constrained with very few available heat flow measurements in the region of the Horseshoe Abyssal Plain (HAP) indicating an average value of 57±15 mW/m 2 [START_REF] Fernandez | Heat flow, heat production, and lithospheric thermal regime in the Iberian Peninsula[END_REF][START_REF] Verzhbitsky | Heat flow and the Eurasian-African plate boundary in the eastern part of the Azores-Gibraltar fracture zone[END_REF]. The [START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] modelling yielded a value of about 40 mW/m 2 in the HAP but this value is not consistent with the A c c e p t e d M a n u s c r i p t 14 asymptotic geotherm for oceanic lithosphere more than 120 Ma old. [START_REF] Hayward | A seismic reflection and GLORIA study of compressional deformation in the Gorringe Bank, eastern North Atlantic[END_REF] suggested an age of ~152 Ma for the oceanic lithosphere in the nearby Gorringe Bank.)

Given the scarcity of surface heat flow measurements we reconstructed the temperature structure along the modelled profile by fixing 5 geotherms (GT1 to GT5) and linearly interpolating between then (Figure 4a). GT4 (=GT5) is the asymptotic geotherm for oceanic lithosphere 120 Ma old, computed according to the Plate Cooling Model (mantle temperature = 1330°C and plate thickness = 125 km). In the transition zones and in the continental margin the geotherms were computed by solving the steady state 1-D heat conduction equation with radiogenic heat production for three-layer lithospheric models of varying thickness and composition. For GT3 at km -150 the three layers considered were sediments, crust (UC+MC average, see figure 2) and mantle. For GT2 and GT1 we used the upper crust, the combined mid-and lower crust (MC+LC), and mantle. Note that the sediments are included in the thermal structure computation for their blanketing effect but they are stripped off the numerical model (section 5). The heat production rates and thermal conductivities for the several rock compositions are listed in Table 1 and were taken from [START_REF] Afonso | Crustal and mantle strengths in continental lithosphere: is the jelly sandwich model obsolete?[END_REF].

The present-day strength envelopes for different sites along the profile are shown in Figure 4a. We only show the envelopes for compression because this is the dominant regime in the Gulf of Cadiz. An extensional regime, which can exist locally, would produce slightly deeper cut-off depths of brittle strength. In the continent there is mechanical layering with ductile layers in the crust, particularly at the bottom of the middle (felsic granulite) and These are general features that remain unchanged when other sensible composition options are considered.

The rheological structure adopted to construct the strength envelope is not free from ambiguities (e.g. [START_REF] Ranalli | How soft is the crust?[END_REF][START_REF] Burov | The upper crust is softer than dry quartzite[END_REF]. To address the effect of another temperature structure on the strength-depth distribution we considered the hypothetical scenario shown in Figure 4b. A cosine bell function was used to interpolate between geotherms T1 and T2

(Figure 4b), inspired on the work of Cowie et al. ( 2005) who used a similar procedure. T1

is the continental geotherm computed as in figure 4a assuming a continental surface heat flow of 64 mW/m 2 and a surface temperature of 15ºC. T2 is the geotherm for oceanic lithosphere 10 Ma old computed according to the Plate Cooling Model. Taking into account that the age of the oceanic lithosphere at the end of the rifting in the western part of the Gulf of Cadiz was 30 Ma, the thermal structure in Figure 4b may perhaps resemble that of the active rifting stage. To isolate the effect of the temperature we assumed a present-day composition and strain rate. In this hypothetical scenario the cut-off depth of the brittle strength shallows oceanwards producing a significant reduction of strength in the transition and oceanic zones (Figure 4b). Nevertheless, the strength in the transitional and oceanic zones still resides mostly in the mantle.

Flexural modelling

A c c e p t e d M a n u s c r i p t 16 Vertical loads in isostatic equilibrium produce flexure and bending when the lithosphere has non-zero strength. However, the importance of flexural isostasy to the overall deformation has not been duly emphasised in previous studies of the Gulf of Cadiz. To address this problem we used an elasto-visco-plastic 2D finite element modelling approach and analysed the deformation in terms of stress and strain distribution with depth.

Numerical procedure

To perform the elasto-plastic simulations we used a modified version of the FEVPLIB finite element program that was described in detail by [START_REF] Bott | Modeling the formation of a half graben using realistic upper crustal rheology[END_REF]. This package incorporates elasto-plastic deformation with a finite yield strength using the viscoplastic method and has been used to model stress and displacements produced by anomalous density in a variety of tectonic settings (e.g. [START_REF] Bott | Modeling the formation of a half graben using realistic upper crustal rheology[END_REF][START_REF] Zhang | Modelling the evolution of asymmetrical basins bounded by high-angle reverse faults with application to foreland basins[END_REF][START_REF] Neves | Patterns of stress at midocean ridges and their offsets due to seafloor subsidence[END_REF]. The yield strength is computed at each depth assuming brittle and power-law creep deformation depending on temperature. The temperature structure is specified as input and the thermal evolution is not modelled. When the yield strength is exceeded, the excess stress is removed using a time stepping scheme. The condition for plastic yielding obeys the Mohr-Coulomb criterion.

The finite element grid that represents the vertical section of the lithosphere is 600 km long and 140 km deep. Quadrilateral elements with eight nodes form a regular grid with maximum resolution of 1 km x 0.5 km in the topmost 30 km. The plane strain hypothesis, suitable to study flexure in two-dimensions, is assumed. As boundary conditions we fix the 

Applied loads

The development of topography is the flexural isostatic response of the model to the vertical loads. The vertical loads are separated in two parts: (1) the weight of the sediments and water and (2) the gravitational body forces due to the lateral density contrasts caused by continental stretching.

The sediment and water load is applied instantaneously as direct nodal forces (Figure 5a). The seawater and sediment layers are removed and all density interfaces lying underneath shifted upwards, so that the top of the basement is initially at the surface of the finite element model (Figure 5b). The gravitational body forces are incorporated as density anomalies relative to a reference density-depth profile at the SW end of the model. The reference density-depth profile comprises two layers: normal oceanic crust 7 km thick and uniform mantle below, with densities of 2840 and 3300 kg/m 3 , respectively. The density anomalies are obtained by subtracting the reference depth-density profile from the density structure (Figure 5c). Negative density anomalies generate buoyancy forces and uplift, while positive anomalies generate downward forces and subsidence. While the sediment and water load produce concave upward flexure, buoyancy of the continental crust relative to the oceanic crust/mantle causes the uplift of the continental margin relative to the ocean basin (Figure 6).
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Modelling Results

The loads in Figure 5 have been applied to the two strength-depth distributions shown in the maximum compressive stress is vertical or horizontal, respectively. Since the plane strain formulation implies that the out-of-plane stress is the intermediate stress, our models foresee a normal or thrust fault regime depending on the sign and magnitude of the differential stress. We use the convention that a negative differential stress corresponds to compression (thrust fault regime) and a positive differential stress to an extension (normal fault regime). The density of the strain energy (strain energy per unit of volume hereafter shortly called strain energy) is the energy contained in a material as a consequence of its elastic deformation [START_REF] Ranalli | Rheology of the Earth[END_REF]. The strain energy state, and its variations with time, reflect the intensity of crustal activity and is an important index of earthquake potential.

The differential stress and strain energy due to flexure are shown in Figure 7 for the actual and hypothetical scenarios. The pattern of differential stress reflects the downward deflection of the lithosphere and is typical of concave elastic bending: negative stresses corresponds to the elastic core that is capable of supporting flexural stresses on a long time scale. Laterally, the largest differential stresses occur where the plate curvature reaches its maximum, between km-200 and km-50. Moreover, there is no significant propagation of stresses seawards or landwards, that is, the effect of bending is rather localized in the transition zone. The compressive stresses focus just below the base of the crust regardless of the temperature structure, although they spread over a wider area in the actual state. In contrast, the trend of the region of extension, dipping to the NE in the hypothetical scenario, is controlled by the lateral temperature gradient.

The pattern of strain energy is very similar to that of the differential stress being distributed into approximately two main areas. Comparing the two scenarios the upper area, adjacent to the Moho, remains nearly stationary, while the lower area is deduced to deepen and rotate towards the horizontal in the actual state. The release of the strain energy in the form of earthquakes is more likely to occur in regions where the strain energy accumulates. The strain energy accumulates in the upper mantle and not in the crust. Thus, the Moho limits the upper strain accumulation region. This strong dependence of strain energy on composition is even more evident in Figure 8. The strain pattern produced by a uniform crust model (top) is quite different from that produced by a more realistic model that includes compositional layering in the crust (bottom). This result shows that a layered rheology seems to be more at its place in this situation.
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Flexure and earthquakes

The time scale of seismic energy release is certainly different from the time scale of elastic plate flexure. So, it is extraordinary to observe a correlation between estimates of elastic plate thickness and estimates of seismogenic layer thickness. Indeed, in the Pacific Ocean the earthquakes show a distribution and a focal mechanism pattern that seems to be directly connected to the up-warping of the oceanic lithosphere seaward deep-sea trenchs (e.g. [START_REF] Watts | Isostasy and flexure of the lithosphere[END_REF]Tassara et al., 2007). In the continents this relation is harder to prove and has been strongly debated (e.g. [START_REF] Maggi | Earthquake focal depth, effective elastic thickness and the strength of the continental lithosphere[END_REF][START_REF] Watts | Lithospheric strength and its relationship to the elastic and seismogenic layer thickness[END_REF][START_REF] Handy | Seismicity, structure and strength of the continental lithosphere[END_REF]. One of the reasons for such difficulty is that the continents have been subjected to more complex evolution histories than the oceans. In addition, the lithosphere's "memory" justifies the existence of earthquakes which are related with the sequence of geological processes and not with the actual deformation state (e.g. [START_REF] Okaya | A lithospheric cross-section through the Swiss Alps-II. Constraints on the mechanical structure of a continent-continent collision zone[END_REF].

It is obvious that flexure is not the only source of stress in the Gulf of Cadiz. Geological, geodetic and focal mechanism data show that the region is dominated by NW-SE compression associated with the Africa-Eurasia convergence. Moreover, inherited mechanical weaknesses are certainly a key factor in the distribution of stress. It is therefore expected that the earthquakes are releasing energy of deformation associated with the plate convergence, focussed at inherited mechanical weaknesses. So the question is whether or not flexure contributes to the actual state of stress. In our opinion figure 7 shows that there is a clear correlation between strain energy associated with flexure and the earthquake It is evident that there are other clusters of events, particularly in the continental region, which do not show any correlation with flexure. These events may be due to other local processes and/or may be related to the 3D nature of the deformation. For instance, the lateral density variations associated with the changing trend of steep topographic slopes, from nearly EW along the Algarve coast to NS north of the Gorringe bank, can lead to extensional and strike slip deformation under predominantly pure compressional deformation [START_REF] Andeweg | Cenozoic tectonic evolution of the Iberian Peninsula, causes and effects of changing stress fields[END_REF]. These hypotheses need further investigation using a full 3D modelling approach that is currently under way. 3D modelling will also allow us to explore the relation between the focal mechanisms and the strain/stress-depth distribution. In this study we have not incorporated any weakness in the transition zone, since we have used a constant coefficient of friction of 0.75 to build the brittle part of the strength envelope. Consequently, the integrated strength is predicted to increase gently along the profile, from 3.2 x 10 13 N/m in the continent (km-50) to 4.4 x 10 13 N/m in the ocean (km-250) (Figure 9). The mechanical thickness of the lithosphere (depth above which the strength > 10 MPa) is 48 and 45 km in the oceanic and transition zones respectively.

The strength of the Ocean-Continent Transition

Only in the case of a single-layer elastic rheology, high flexural rigidity and small curvatures will the elastic thickness approach the mechanical thickness (Watts and Burov, ). Otherwise, the mechanical thickness provides an upper bound limit for the elastic thickness. Thus, in the oceanic lithosphere of the Gorringe Bank, [START_REF] Hayward | A seismic reflection and GLORIA study of compressional deformation in the Gorringe Bank, eastern North Atlantic[END_REF] found that the gravity anomaly is explained by a discontinuous (broken) elastic plate model 35 km thick at the time of loading (the lithosphere would have been 140 Ma old when it was loaded 12 Ma ago). Flexural modelling results in the Western Iberia margin also indicate a present-day elastic layer thickness in excess of 35 km (T. Cunha, personnal communication). Yielding related to the Africa-Eurasia convergence and the presence of mechanical weaknesses not considered in this study may therefore explain the discrepancy between the elastic thickness and mechanical thickness estimates in this region.

According to our results the flexural bending stresses are not enough to cause yielding and reduce the effective elastic thickness. We compare the stress difference in the actual state (Figure 7) and the strength envelope at km-150 and km-50 in Figure 9. The maximum compressive stress difference generated by flexure, which occurs at the base of the crust at km-150, attains 65 % of the strength in compression at the same depth (~10 km). Unless there is a reduction of the brittle strength in the ocean-continent transition, flexure alone is not sufficient to produce brittle failure and earthquakes in the crust and upper mantle.

However, its contribution to the overall stress in the Gulf of Cadiz cannot be disregarded.

Conclusions

In the Gulf of Cadiz the density contrast between oceanic and continental crust is a source of vertical loading at the ocean-continent transition. Vertical loads in isostatic equilibrium produce flexure when the lithosphere has non-zero strength. We modelled the flexure on a

A c c e p t e d M a n u s c r i p t 24 vertical section of the lithosphere approximately perpendicular to the Africa-Eurasia convergence. Although this approach does not incorporate out-of-plane displacement of material, it allowed us to analyse the contribution of the flexure separately from other sources of stress such as the dominant NW-SE compression. Our main objective was to explore how the bending stresses were related to the observed deformation, especially as regards the actual release of strain energy in the form of earthquakes. Since the strength is an input of the modelling, we have also placed constraints on the mechanical structure of the lithosphere. The main conclusions of our study are thus the following:

• The flexural stresses are focussed in the ocean-continent transition, within a ~150 km wide zone between km-250 and km-50 of the modelled profile.

• The focussing of bending stresses on the transition zone is predicted for different thermal scenarios so this result is relatively independent of temperature.

• The bending stresses are mainly supported by the upper mantle and show a bipolar distribution. The compressive stresses concentrate just below the Moho (at ~10 km depth in the ocean-continent transition). The tensile stresses underneath (at ~40 km depth) show a dipping trend that is controlled by the lateral temperature gradient.

• The strain energy due to flexure also resides in the upper mantle. The largest accumulation of strain energy occurs below the stretched continental lithosphere underneath the Moho. Near km-100 the strain energy concentration coincides with • The observed correlation between the strain energy and the earthquake distribution shows that lithospheric flexure exerts a significant control on the seismicity pattern.

• The compositional layering in the crust plays an important role in the focussing of the strain energy along the crust/mantle interface.

• Flexural stresses alone are not enough to cause rupture or yielding in the Gulf of Cadiz. However, like plate boundary forces and inherited mechanical weaknesses, they need to be taken into account in the seismic hazard assessment. B. An hypothetical thermal scenario and the corresponding strength profiles used to evaluate the effect of the temperature on the modelling results. This scenario may represent an early stage of the Algarve's margin rifting. A cosine bell function was used to interpolate the temperature between geotherm T1 (10 Ma oceanic lithosphere ) and T2

(present-day continental geotherm). Figure 8 -Dependence of the strain energy distribution on composition. Top: the composition of the crust is uniform (wet quartzite). Bottom: the crust has a layered composition (as in Figure 2 and Table 1). The present-day thermal structure is assumed in both cases. The strain energy (U) scale is the same as in Figure 7. 
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  crust. The presence of a local short-period seismic network since 1996
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 4 Figure 4. The resulting flexural response of the lithosphere is now examined in terms of the
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  , it shows that there is a relation between seismicity and mechanical discontinuities connecting zones of contrasting density and rheology. This relation is particularly visible in the upper mantle just below the Moho between km-110 and km-70. Another correlation between the modelling results and the seismicity is the apparent dipping trend to the NE of the distributions along the transition zone. This trend is not only suggested by the cluster of small magnitude events below the Moho but also by the larger magnitude earthquakes with known focal mechanism solutions which become deeper towards the. This suggests that the strain energy induced by flexure in the past may have created preferential regions of weakness, which are now being reactivated in the actual state of compression.

  been recognised that Ocean-Continent Transition zones are often weak relative to normal oceanic and continental lithosphere. This is expressed by low values of elastic plate thickness in extended continental lithosphere, reflecting a long-term mechanical weakness (e.g.[START_REF] Watts | Gravity anomalies and segmentation of the continental margin offshore West Africa[END_REF]. The reasons behind such a weak behaviour on long-time scales are still unclear. When the beta stretching factor is greater than 3, models of extension at the West Iberia margin predict embrittlement of the whole crust with development of crustal penetrating faults which can act as fluid conduits, allowing serpentinization of the upper mantle peridotites[START_REF] Pérez-Gussinyé | Rheological evolution during extension at nonvolcanic rifted margins: Onset of serpentinization and development of detachments leading to continental breakup[END_REF]. The coefficient of friction of serpentinite (~0.3) is considerably lower than that predicted by Byerlee's law(Escartin et al., 1997). Moreover, serpentinites may favour the confinement of fluids within fault zones, contributing to an increase in the pore fluid factor and to a strength reduction of the whole crust. This would partially explain the concentration of deformation and seismicity in ocean-continent transition zones subjected to large presentday tectonic stresses.
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 2 Figure 2 -Structure of the crust along the profile studied by[START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF] 
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 3 Figure 3 -Cross-section showing the vertical seismicity distribution along the modelled
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 4 Figure 4 -Cross-section showing the calculated strength envelopes in compression for
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 5 Figure 5 -Loads applied to the numerical model. A. The dashed line represents the weight
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 6 Figure 6 -The deflection of the top surface of the model in response to the topographic and
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 7 Figure 7 -Close up of the modelling results in the Ocean-Continent Transition zone and
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 9 Figure 9 -Estimates of the integrated strength (solid line) along the ocean-continent

  the modelled stress-difference in the actual state (track at km-150 and km-50) is shown in dark grey for comparison with the strength envelopes. Above ~30 km depth the stress difference is compressive and below is tensile.

  heat production rate; K:thermal conductivity;:density;A,E,n:material creep parameters;E:Young´s modulus;:Poisson´s ratio Data from[START_REF] Afonso | Crustal and mantle strengths in continental lithosphere: is the jelly sandwich model obsolete?[END_REF] and[START_REF] Fernandez | Lithospheric transition from the Variscan Iberian Massif to the Jurassic oceanic crust of the Central Atlantic[END_REF].
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Table 1 . Thermal and mechanical material parameters

 1 

		Sediments	UCC	MCC	LCC	OC	TC	Mantle
			(wet quartzite)	(wet felsic	(wet mafic	(wet diabase)	(wet quartzite)	(wet
				granulite)	granulite)			peridotite)
	Q [W m -3 ] K [W m -1 K -1 ]	1.2 2.3	1.4 2.5	0.4 2.1	0.4 2.1	--	0.4 2.1	0.006 3.0
	 [kg m -3 ] A [MPa -n s -1 ] B [kJ mol -1 ]	2400 --	2740 3.2x10 -4 154	2800 8.0x10 -3 243	2950 1.4x10 4 445	2840 2.0x10 -4 260	2800 3.2x10 -4 154	3300 2.0x10 3 471
	n E [Pa]	--	2.3 0.7x10 11	3.1 0.7x10 11	4.2 0.7x10 11	3.4 0.7x10 11	2.3 0.7x10 11	4.0 0.7x10 11
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