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The Earth’s surface is constantly being recycled by plate tectonics. Subduction of oceanic 23 

lithosphere and delamination of continental lithosphere constitute the two most 24 

important mechanisms by which the Earth’s lithosphere is recycled into the mantle1-5. 25 

Delamination or detachment in continental regions typically occurs below mountain belts 26 

due to a weight excess of overthickened lithospheric mantle, which detaches from 27 

overlying lighter crust, aided by the existence of weak layers within the continental 28 

lithosphere5. Oceanic lithosphere is classically pictured as a rigid plate with a strong core 29 

that does not allow for delamination to occur6. Here, we propose that active delamination 30 

of oceanic lithosphere occurs offshore Southwest Iberia. The process is assisted by the 31 

existence of a lithospheric serpentinized layer that allows the lower part of the lithosphere 32 

to decouple from the overlying crust. Tomography images reveal a sub-lithospheric high-33 

velocity anomaly below this region, which we interpret as a delaminating block of old 34 

oceanic lithosphere. We present numerical models showing that for a geological setting 35 

mimicking offshore Southwest Iberia delamination of oceanic lithosphere is possible and 36 

may herald subduction initiation, which is a long-unsolved problem in the theory of plate 37 

tectonics7. We further propose that such oceanic delamination is responsible for the 38 

highest-magnitude earthquakes in Europe, including the M8.5-8.7 Great Lisbon 39 

Earthquake of 1755 and the M7.9 San Vincente earthquake of 19698. In particular, our 40 

numerical models, in combination with calculations on seismic potential, provide a 41 

solution for the instrumentally recorded 1969 event below the flat Horseshoe abyssal 42 

plain, away from mapped tectonics faults9. Delamination of old oceanic lithosphere near 43 

passive margins constitutes a new class of subduction initiation mechanisms, with 44 

fundamental implications for the dynamics of the Wilson cycle10-11. 45 

 46 

 47 



The Southwest Iberian Margin lies along the complex Azores-Gibraltar plate boundary 48 

zone12 (Fig. 1). The region is characterized by WNW-ESE oblique convergence of ~4 mm/yr 49 

between Africa and Eurasia13. The resulting deformation is accommodated on the seafloor by 50 

a set of visible WNW-ESE strike-slip faults and NE-SW thrusts, which control the uplift of 51 

seamounts that separate abyssal plains14. The Southwest Iberian Margin has unleashed the 52 

highest-magnitude earthquakes in Europe9. These include the M8.5-8.7 Great Lisbon 53 

Earthquake of 1755, whose ground-motion, tsunami and fires caused widespread destruction 54 

in Portugal and killed tens of thousands15,16, the M7.5-8.5 earthquakes of 1356 and 176117, and 55 

the more recent M7.9 earthquake of 1969, located ~200 km SW off Cape St. Vincent9 (Fig. 1). 56 

 57 

Figure 1 – Eastern segment of the Azores-Gibraltar plate boundary that separates the Eurasian and 58 

the African plates. Here it is possible to recognize two main fault zones: the Gloria Fault in the north, which 59 

is generally considered the main trace of the plate boundary, and a seemingly less active fracture to the south, 60 

here named Gloria South Fracture. Both these structures have experienced high-magnitude earthquakes. To 61 

the east, their linear traces progressively give place to major thrust faults that elevate the seafloor forming 62 

two major bathymetric highs, the Coral Patch Seamount and the Gorringe Bank, that delimit the Horseshoe 63 

Abyssal Plain. This region has unleashed some of the major historical and instrumental earthquakes in the 64 

Atlantic region8,9,12,15,17. 65 



The 1356, 1755 and 1761 earthquakes are poorly understood given their offshore 66 

location and occurrence within the historical period8. However, the more recent M7.9 1969 67 

earthquake has been instrumentally recorded. Remarkably, it occurred below the flat 68 

Horseshoe Abyssal Plain, away from mapped tectonic faults (Fig. 1). Although of limited 69 

quality, aftershock locations were used to argue that the event occurred on a north-dipping 70 

thrust structure9,18. The same authors proposed that the 1969 earthquake was generated by a 71 

large trans-lithospheric thrust fault beneath the Horseshoe Abyssal Plain, responsible for the 72 

consumption of oceanic lithosphere18. However, the expression of such north dipping 73 

lithospheric thrust was never found. In fact, currently mapped faults at crustal levels have an 74 

overall south-dipping vergence, such as the NE-SW Gorringe Northern Thrust that uplifts a 75 

massive 5-km-high seamount (Fig. 1). Besides, what mechanism could explain the existence 76 

of such trans-lithospheric fault, capable of generating seismic events of very high magnitude, 77 

typical of subduction zones, below a flat abyssal plain overlain by almost undisturbed 78 

sediments?  79 

Over the past 50 years, intensive surveying searched for the elusive sources of the 1755 80 

and 1969 earthquakes. Numerous models were proposed16,19,20, but no consensus has emerged. 81 

Here, we integrate recent seismic and geological observations to propose a novel geodynamic 82 

interpretation for the region that is supported by geodynamic models, that can explain the 83 

generation of high-magnitude earthquakes, and can be reconciled with deep mantle structure.  84 

High-resolution teleseismic P-wave travel-time tomography covering the SW Iberian 85 

margin and encompassing ocean bottom seismometer (OBS) data has recently confirmed the 86 

existence of a previously imaged high velocity anomaly below the Horseshoe Abyssal Plain 87 

(Fig. 2, S3, Methods)21,22,23. This anomaly extends down to a depth of 250 km and has been 88 

proposed to correspond to a small slab that would be the expression of subduction initiation22. 89 

However, this model would imply >200 km of convergence and crustal displacement 90 



accommodated in the SW Iberia region, along a NW-SE direction (see Fig. S2). Such amount 91 

of convergence contradicts palinspastic restorations that show a maximum tectonic shortening 92 

of 20 to 50 km at crustal levels24,25,26. A possible explanation for this mismatch would be the 93 

existence of decoupling levels within the lithosphere. This would result in different amounts 94 

of shortening accommodated between the deep lithosphere and the shallow crust. 95 

 96 

Figure 2 – Tomography data off Iberia showing a high-velocity anomaly interpreted as sinking 97 

lithospheric block. a, Slice at a sub-lithospheric depth of 150 km. b, Cross-section A-B cutting across the 98 

high-velocity anomaly off SW Iberia. Strikingly, this anomaly is located precisely below the flat Horseshoe 99 

Abyssal Plain, the region where the 1969 earthquake occurred (“beach-ball”), which was the strongest 100 

instrumental event ever registered in Europe and Africa. In this region, there are also a clusters of relatively 101 

deep hypocenters (up to 60 km; red circles) that were recorded during the NEAREST OBS experiment. Note 102 

that the Gorringe Bank is offset to the NE from this feature. Blue dots are the background seismicity recorded 103 

by the IPMA seismic network between 2000 and 2015. A resolution test is provided as Supplementary 104 

Information (SI-I) 105 



More recently, a cluster of earthquakes located below the Horseshoe Abyssal Plain was 106 

characterized in detail using the NEAREST OBS experiment22,27. These earthquakes occur at 107 

depths of 20 to 60 km, within the lithospheric mantle (Figs 2, S3). The small number of 108 

earthquakes above 20 km suggests mechanical decoupling between the unserpentinized 109 

lithospheric mantle (below 20 km) and a roofing serpentinized mantle layer and crust27. A 110 

seismic refraction study28 further revealed that the basaltic oceanic crust is missing in the 111 

Horseshoe Abyssal Plain and that the sedimentary cover lies directly on top of exhumed 112 

serpentinized lithospheric mantle, while to the south of the plate boundary, the African domain 113 

is made of typical oceanic crust. 114 

A mechanism that would allow explaining these observations is a delamination of the 115 

lithosphere and/or the existence of a drip-like structure, similar to what is sometimes observed 116 

under continental orogens. We propose that the weak serpentinized lithospheric mantle acts as 117 

a layer that decouples the positively buoyant crust from the underlying negatively buoyant 118 

lithospheric mantle. Once partially delaminated, the slab's negative buoyancy drives 119 

progressive sinking. This would explain why shortening at crustal levels is significantly less 120 

than would be implied by the existence of a typical subduction-related lithospheric slab 121 

penetrating the asthenosphere to depths of more than 200 km. Besides, if the delaminating 122 

block is still attached to the surface, it may still be pulling the crust down, explaining the sag 123 

of the Horseshoe Abyssal Plain and the formation of the thick sedimentary infill. 124 

To test this hypothesis, we carried out 2D numerical models using the code 125 

Underworld29. The models include two oceanic lithospheric plates simulating Africa and 126 

Eurasia (see Methods, Fig. E3). A far-field convergence velocity of 8 mm/yr was imposed to 127 

the African lithosphere; this value is higher than the present-day 4 mm/yr to account for the 128 

faster velocities during the Cenozoic30. The Eurasian plate lacks a well-developed basaltic 129 

crust, which is instead replaced by a weak serpentinized layer, mimicking the structure 130 



obtained by refraction data28. We tested the existence of either a single boundary separating 131 

the two plates (a weak fracture/transform fault) or a plate boundary zone limited by two main 132 

vertical fractures zones, which more closely resembles the structure of the less 133 

compressionally-deformed plate boundary zone that can be observed further to the west 134 

(mimicking the Gloria Fault and the Gloria South Fracture;  Fig. 1).  135 

In the model with one plate boundary, the vertical weak zone is converted into an 136 

incipient subduction zone, with the thinner (Eurasia) plate subducting under the thicker one 137 

(Africa) (See Supplementaty Information SI-II; Fig. S2, Movie E1). In this case, the weaker 138 

serpentinized mantle on the Iberian side is converted into a subduction channel with the 139 

overlying crust accommodating about 200 km of displacement, which is not observed in the 140 

natural example. In the model with two vertical weak zones, something different and 141 

unexpected occurs. The block limited by the two weak zones sinks to the North under the 142 

thinner Eurasian plate (Fig. 3, Movie E2). The weak serpentinized layer thickens and 143 

accommodates most of the shortening, significantly decoupling the bulk deep deformation 144 

from the crust. A new main north-dipping fault forms at the contact between a delaminating 145 

lithospheric mantle block and the overlying serpentinized mantle (and crust). Right above this 146 

main fault, the sedimentary crust remains relatively flat. Surface deformation is accommodated 147 

mostly at the limits of the delaminating block. Interestingly, a south-dipping low angle thrust 148 

forms in the sedimentary cover (in a Gorringe-like location; see Fig. 3c and 4). Deformation 149 

(shortening) at crustal levels is less pervasive than that at deeper levels because most of the 150 

shallower deformation is accommodated within the weak serpentinized mantle. The overall 151 

geometry of the body resembles a case of flake tectonics, with a block of lithospheric mantle 152 

delaminating into the asthenosphere, driven by the plate’s convergence and its own negative 153 

buoyancy. 154 



 155 

Figure 3. Results of the numerical model with two plate boundaries showing the formation of a 156 

lithospheric delaminating block. Note the formation of a flake-like structure with a Gorringe-like south-157 

dipping thrust at crustal levels and a deeper lithospheric north-dipping fault below a flat region comparable 158 

with the Horseshoe Abyssal Plain, where a 1969-like event may have occurred (see schematic illustration in 159 

Fig. 4). This model shows that under these circumstances the oceanic lithosphere may delaminate leading to 160 

unexpected lithospheric configurations similar to the ones observed offshore Southwest Iberia. The black 161 

arrows represent velocity vectors, and the red lines isotherms in degrees Celsius. Strain rate for values higher 162 

than 0.1x10-13 s-1 is also shown. 163 



At first order, the numerical model with the two weak fractures explains most of the 164 

observations (Fig. 4): 1) The existence of a fast velocity anomaly that could reach depths of 165 

~200 km below the flat Horseshoe Abyssal Plain limited by two deforming regions (that could 166 

mimic the Gorringe Bank, to the north, and the Coral Patch Ridge, to the south, see Fig. 1); 2) 167 

The decoupling of the less deformed crust, with the formation of a major low-angle fault 168 

dipping to the south (mimicking the Gorringe northern thrust), from the underlying 169 

unserpentinized lithosphere; 3) The existence of a hidden large north dipping fault separating 170 

the delaminating block from the overriding block; 4) This fault would be responsible for the 171 

observed low to moderate seismicity at depths of 20-60 km and could have been the elusive 172 

source of the 1969 earthquake. 173 

 174 

Figure 4. Conceptual model combining the knowledge obtained from both the natural prototype and 175 

the results of the numerical models. A delaminating block could reproduce a drip-like structure as the one 176 

observed in the tomography model. The serpentinized layer decouples the crustal deformation from the one 177 

occurring at deeper lithospheric levels, giving rise to a flake-like structure, forming the south-dipping 178 

Gorringe thrust and the north-dipping 1969 fault. 179 

 180 



We have also estimated a potential rupture area of ~20,000 km2 for this north dipping 181 

fault based on the along-strike length of the tomographic anomaly (~160 km) and the dip angle 182 

obtained from 1969 focal mechanism9 (Supplementary Information SI-III). According to our 183 

calculations, this fault would be capable of generating an M8.6 event in case of a full rupture 184 

and a M7.9 earthquake for a partial rupture of 80 km, which is the rupture area proposed for 185 

the 1969 event. This would solve the long-lasting problem of the apparent inexistence of a fault 186 

with the characteristics necessary to explain the occurrence of very high magnitude events in 187 

the region. Further work will be needed to image the deep lithosphere in this location with a 188 

higher resolution, such as the collection of more refraction and teleseismic data.  189 

Our identification of the first example of delamination of oceanic lithosphere has 190 

important geodynamic implications. In this case, delamination is forced by the convergence 191 

between Africa and Eurasia and aided by a serpentinization front that mechanically decouples 192 

the crust from the underlying lithosphere, in between two fracture zones. The lack of other 193 

examples worldwide could be due to the process occurring only under very specific conditions: 194 

it requires very old, thick and serpentinized oceanic lithosphere, in the context of a diffuse plate 195 

boundary, subject to a minimum amount of far-field convergence. There is also an 196 

observational challenge – the process is not visible at the surface. While this phenomenon may 197 

be rare in the present-day Earth, it might have been more common in periods over which wider 198 

areas of older and unstable oceanic lithosphere covered the Earth’s seafloor, and potentially 199 

earlier in the Earth’s history such as in the Archean. Delamination of old oceanic lithosphere 200 

may play an important role in the initial stages of subduction initiation, facilitating the 201 

foundering of oceanic plates. Such a process would explain the very high magnitude seismicity 202 

off SW Iberia, providing a robust driving mechanism for the St. Vincent earthquake of 1969 203 

and, possibly, for the Great Lisbon Earthquake of 1755. 204 

 205 
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Methods 304 

Tomography 305 

The tomography data23 resulted from the integration of broadband teleseismic P-wave 306 

travel-time data, recorded between 2007 and 2013, from 387 seismic land stations deployed 307 

throughout the Ibero-Maghrebian region (Fig. E1). To obtain good ray coverage offshore SW 308 

Iberia 24 temporary broadband OBSs deployed during the NEAREST experiment between 309 

2007 and 2008 were included31, which were crucial to robustly image the investigated region. 310 

Data from 5 additional broadband OBSs from the TOPOMED project, which recorded between 311 

2009 and 2010, were also added32.  312 

A total of 25644 arrival-time residuals from 451 teleseismic events, with a moment 313 

magnitude of at least 5.5, in the teleseismic epicentral distance range 30◦ < Δ < 95◦ were 314 

examined. All the recorded traces were aligned using predictions from the global reference 315 

model ak135l33 and low-pass filtered at 5 Hz. The adaptive stacking procedure34 was then used 316 

to achieve final alignment, thus obtaining a set of arrival time residual estimates for each 317 

source.  318 

The structure is represented by a regular grid of nodes spaced 0.4° in latitude (from 319 

26°N to 46°N) and longitude (from 19°W to 5°E) and ~35-km in depth, extending from the 320 

Moho down to 800-km depth. 321 

Relative arrival-time residuals were inverted using the FMTOMO package35 to recover 322 

the upper mantle seismic structure. FMTOMO solves the forward problem of travel-time 323 

prediction using a grid-eikonal solver, known as the Fast Marching Method36,37,38. Model 324 

parameters are adjusted with a subspace inversion technique39. The forward and inverse steps 325 

are applied iteratively in order to address the weakly non-linear nature of the inverse problem. 326 

Because Moho topography and crustal velocity structure can have a significant influence on 327 

teleseismic travel times40, an a priori 3D crust and Moho model (PRISM3D) was applied to the 328 



starting model23, which has the effect of correcting for unresolved crustal contributions to the 329 

measured arrival-time residuals40,41. 330 

 331 

Numerical Modelling 332 

Mathematical formulation 333 

We use Underworld to solve the equations of momentum, continuity and energy, and 334 

to track material properties42. The continuity and the momentum equations are given by 335 

 336 

∇	×	𝐯 = 0					(1) 337 

and 338 

∇ ⋅ 𝛔 = ρ𝐠				(2) 339 

 340 

in which 𝐯	is the velocity vector, 𝛔 the stress tensor, ρ is the density and 𝐠	is	the gravity 341 

acceleration vector. The stress tensor is given by 342 

 343 

𝛔 = 𝛔! − P𝐈				(3) 344 

 345 

in which 𝛔!	is the deviatoric stress tensor, P	the pressure and 𝐈	the identity tensor.  346 

 347 

The deviatoric stress tensor (𝛔!) is defined as a function of both strain rate and effective 348 

viscosity: 349 

 350 

𝛔! = 2η"##�̇�     (4) 351 

 352 

with η"## being the effective viscosity and �̇� the strain rate tensor defined as: 353 



 354 

 355 

�̇� = $

%
[∇𝐯 + (∇𝐯)&]      (5) 356 

 357 

The heat equation is given by: 358 

 359 

ρC' 9(&() + 𝐯 ∙ ∇T< = κ∇%T + H* + H+     (6) 360 

 361 

in which C' is the specific heat, T is the temperature, t the time, κ the thermal diffusivity, H* 362 

the shear heating and H+ the adiabatic heating. The shear heating term is given by: 363 

 364 

H* = 𝛔!: �̇�   (7) 365 

 366 

The adiabatic heating term is given by: 367 

 368 

H+ = ,&-𝐯𝐲/

0"
     (8) 369 

 370 

with α corresponding to the thermal expansivity and 𝐯𝐲 representing the vertical velocity. 371 

 372 

The effective viscosity is non-linear and calculated according to the following model: 373 

 374 

η"## = A,#$	ϵ̇#$,2	exp	(3%45%6
27&

)     (9) 375 

 376 



A being the pre-exponential factor, n	the stress exponent, E8 the activation energy, V8	the 377 

activation volume, and R the universal gas constant. 378 

 379 

Compressibility for lower crustal and mantle rheologies is achieved by relaxing the 380 

incompressible constraint of equation (1) such as: 381 

 382 

∇ ⋅ 𝐯 = 	− 6

9
     (10) 383 

 384 

In which 𝜆 is a parameter equivalent to a viscosity.  385 

 386 

The plastic flow is ensured by employing a Drucker-Prager yield criterion, where the 387 

material yields on the stress surpasses the yield value: 388 

 389 

M𝛔!𝐈𝐈 = p sin(ϕ) + Ccos(ϕ)				(11) 390 

 391 

With 𝛔!𝐈𝐈 representing the second invariant of the deviatoric stress tensor, 𝜙 the internal friction 392 

angle and C the cohesion. Strain weakening is modeled by linearly decreasing the internal 393 

frictional angle and cohesion as accumulated brittle strain increases up to 50% (See Table E1). 394 

 395 

Model description 396 

The models consist of a 2800 × 660 km 2-D box with a resolution of 1400 × 200 finite 397 

elements (Fig. E2). The grid spacing is non-uniform along the vertical axis with an element 398 

size of 1.25 km in the lithosphere and 5.0 km in the upper mantle. The modelled region 399 

comprises a 15 km thick air layer, and two oceanic plates embedded in a 660 km-deep upper 400 

mantle. The plate on the right represents an older Africa-like oceanic plate covered by a 10 401 



km-thick basaltic crust overlaid by a 5 km-thick sedimentary layer. The plate on the left 402 

simulates a Eurasia-like oceanic plate in which the basaltic crust is replaced by a 10 km-thick 403 

serpentinized upper mantle layer (and eventually hydrated, but almost inexistent, basaltic crust) 404 

that tapers to the north. The rheological parameters used in this study are presented in Table 405 

E1. The initial temperature profiles of the oceanic plates are prescribed according to the half-406 

space cooling model43. The thickness of the boundary layer is chosen to be 100 km and the 407 

half-space cooling age is 120 and 170 Myr for the northern and southern segments, 408 

respectively. 409 

The models were run with two configurations. The first one included a vertical 90 km-410 

deep, and 10 km-wide weak zone (I) in the contact between the two plates to simulate a 411 

weakened plate boundary. In a second configuration, another weak zone (II) was added 200 412 

km to the north, more closely resembling the natural example (see Fig. 1) with two initial 413 

parallel fracture/transform faults defining the Africa-Eurasia plate boundary. 414 

The boundary conditions were set to be no slip on the bottom, free slip on the side and 415 

free surface on the top. To simulate the northward motion of the African plate, a velocity of 8 416 

mm/yr was imposed to the southern oceanic plate while the northern segment was kept fixed. 417 

This velocity is representative of the Cenozoic Africa-Eurasia convergence velocity. 418 

Notwithstanding, we performed kinematic sensitivity tests by running the models at 2, 4, 6, 419 

and 8 mm/yr, and the results were the same, only changing the total time that the experiment 420 

took to reach the same end result. 421 

  422 
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Supplementary Information 492 

SI-I: Tomography Resolution Tests 493 

To test the resolving ability of our dataset Southwest off Iberia, we have performed a 494 

synthetic spike resolution test, where two input velocity anomalies with a width of ~100 km 495 

and an amplitude of 0.30 km/s were superimposed on our starting model at a depth of ~90 km 496 

(Fig. S1). The comparison between the input and output models suggests a good resolution for 497 

high-velocity features in the uppermost mantle although some vertical smearing occurs. 498 

Nonetheless, the separate input anomalies can be clearly identified. This further supports that 499 

the high-velocity anomaly imaged in the tomography is a real feature and not an artefact of the 500 

inversion. 501 

 502 

Figure S1. Resolution test with spike anomalies. a) Slice at 90 km depth showing the locations of the input 503 

spikes. b) Slice at 90 km depth showing the recovered spike anomalies. c) Cross-section of the two spikes 504 

through the input model. d) Cross-section through the output model. Orientation of the cross-section is 505 

shown on the map of panel a) in black. The test shows a good resolving ability of the inversion for the studied 506 

area SW off Iberia. 507 



SI-II: Complementary numerical models’ results 508 

 509 

Figure S2. Result of the numerical models with one discrete plate boundary showing the 510 

transformation of a transform plate boundary into a subduction zone. The serpentinized layer 511 

transforms in the effective plate interface. Note that the initiation of a proper subduction zone, with a slab 512 

reaching a depth of 250 km leads to an extreme crustal displacement of more than 200 km, which contradicts 513 

the natural observations. Note that these models should be regarded as a proof of concept, and not as a replica 514 

of nature. Strain rate for values higher than 0.1x10-13 s-1 is also shown. 515 



Southwest Iberia tectonic map 516 

 517 

Figure S3. Simplified crustal tectonic map of Southwest Iberia overlaying the tomography data23. 518 

The main thrust faults are shown in black, the vertical/strike-slip faults in white and the Gibraltar 519 

accretionary wedge in grey14. The Horseshoe Abyssal Plain seismicity cluster imaged during the 520 

NEAREST OBS experiment is also shown with coloured circles27. There are two families of events: a 521 

shallower one (blue colours) and a deeper north-dipping one (orange-yellow colours; see also Fig. 2b). 522 

The “beach-ball” marks the epicenter of the 1969 St. Vincent earthquake9, far from any of the major 523 

mapped faults. The blue dots are the background seismicity recorded by the IPMA seismic network 524 

between 2000 and 201527. 525 

 526 

SI-III: Estimated rupture area and implied seismogenic potential  527 

We have calculated the seismogenic potential of the north dipping blind-thrust 528 

potentially hidden below the Horseshoe Abyssal Plain that was infered based on the 529 

computation of the 1969 focal mechanisms and on the distribution of its aftershocks9,18. The 530 

existence of this blind-thrust is consistent with our numerical models and with the distribution 531 

of the NEAREST OBS experiment (see Fig. 2b). The dip of this fault was obtained from the 532 



1969 focal mechanism and considered to be 52ºNE 9, while its length was approximated to the 533 

main length of the anomaly observed in the tomography (see Fig. S4). 534 

 535 

Figure S4. Illustration of the rationale behind determining the maximum fault rupture lengths 536 

(L) ascribed to the postulated seismogenic structure of the 1969 (M7.9) earthquake. The ~82 km 537 

long segment marked in blue corresponds to the fault length implied by the seismogenic domain of the 538 

1969 (M7.9) earthquake as proposed by Fukao9 based on the distribution of the aftershocks; The ~267 539 

km long segment marked in yellow corresponds to the possible maximum fault length implied by the 540 

NW-dipping blind fault discussed in this work and deduced from the projected contour of the depicted 541 

seismic tomography. 542 

 543 

The relationship between the length of a fault and its magnitude has been empirically 544 

established based on differently assumed rheological and seismological parameters for 545 

different tectonic settings in different parts of the world44. Building on a previous approach45 a 546 

new model has been recently proposed for the study of high magnitude earthquakes in SW 547 

Iberia46. This model acknowledges different assumptions to infer an average fault slip (d) from 548 

the length (L) of the considered seismogenic active fault (Fig. S4). This fault-slip is then used 549 



together with the fault width (W) and an assumed shear modulus (µ), to obtain the seismic 550 

moment (Mo, eq. 1) and the moment magnitude (Mw, eq. 2):    551 

 552 

𝑀; = 𝜇. 𝐴. 𝑑    (eq. 1) 553 

𝑀< = %

=
. 𝑙𝑜𝑔$>(𝑀;) − 6.07  (eq. 2) 554 

 555 

in which A is the rupture area (A = W.L), d is the average slip and µ the shear modulus. 556 

 557 

Figure S5. Fault Parameters. Geometric fault parameters considered in the discussed seismic scaling 558 

laws of Manighetti45 et al. 559 

 560 

The average fault-slip (d = Dmax/2) is calculated as follows: 561 

 562 

𝐷?@A → ^ 𝐿 ≤ 2𝑊B@C		𝐷?@A = 𝑎	&
'𝐿 > 2𝑊B@C		𝐷?@A = 𝑎	 #

#

&
(

#

')*+,

  (eq. 3) 563 

 564 

in which a and Wsat are the slip/length ratio and the saturation fault width, respectively. These 565 

parameters are empirically deduced by the same authors for the study area using the few 566 

instrumental high-magnitude events that have occurred in this region. A slightly higher shear 567 

modulus of 65 GPa is assumed in this case. Table S1 summarizes the assumptions and input 568 



parameters considered to determine the seismogenic potential of the northwards dipping blind-569 

thrust explored in this work (e.g., its rupture area and implied Mo and Mw). Two alternative 570 

main fault lengths (L) are considered (Fig. S4): one assuming seismic rupture only to the North 571 

of the main SWIM Fault; the other considering that the whole structure ruptures during a single 572 

event. The first scenario is clearly capable of justifying an event with a magnitude similar to 573 

the one of the 1969 (M7.9) earthquake. Likewise, the second whole-rupture scenario is also 574 

compatible with the estimated (M8.5-8.7) high magnitude generally ascribed to a 1755-like 575 

earthquake. 576 

 577 

Table S2. Scaling of Law of Manighetti45 et al. modified by Matias46 et al. used to quantify the 578 

seismogenic potential of the postulated blind-fault in the study area. 579 

 

Model parameters 

Scenario #1: 

rupture to the N of 

the SWIM fault 

Scenario #2: 

whole rupture 
 

 Fault length L (km) 82 267  

Inputs Saturation fault width – Wsat (km) 76  

 Slip-Length ratio (a - parameter) 1.8e–4(46)  

 Seismogenic thickness Z (km) 60  

 Fault dip δ (°) 52  

 Shear modulus μ (GPa) 65 
 

 Average fault slip d (m) 3.7 8.7  

Outputs Rupture area A = W.L (Km2) 5603 20330  

 Seismic moment Mo (N.m) 1.34e+21 1.15e+22  

 Moment magnitude Mw 8.0 8.6 
 

 580 

 581 
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Extended Data (Figures) 592 

 593 

Figure E1. Location of the seismic stations (green symbols in main map) and events (red dots in 594 

inset global map) used for the tomographic model. The stations are coded according to their network 595 

and cover an area extending from the Pyrenees in the north to Morocco and the Canary Islands in the 596 

south. The six labelled stations are those for which residuals are shown in Civiero et al23. Seismic 597 

experiment and station information can be found in their Supplemental Information Tables ST1 and 598 

ST2. 599 

 600 

 601 

Figure E2. Numerical models initial set-up. Note that for the model shown in Fig. 3 both weak zones 602 

I and II has been implemented, while for the model shown in Fig. S2 only weak zone I has been 603 

implemented.  604 

 605 



E3. Table: Physical parameters used in the numerical models. 606 
Quantity Symbol Unit Value 

Gravity g m.s-2 9.81 

Thermal expansivity coefficient α K-1 3.00×10-5 

Thermal diffusivity κ m2.s-1 1.00×10-6 

Sediments density at 273K ρuc kg.m-3 2500 

Dry mantle density at 273K ρdm kg.m-3 3300 

Hydrated mantle density at 273K ρhm kg.m-3 2900 

Top temperature Tt K 273 

Bottom temperature Tb K 1748 

Minimum viscosity ηmin Pa.s 1.00×1019 

Maximum viscosity ηmax Pa.s 1.00×1024 

Gas constant R J.K-1.mol-1 8.3145 

    

Rheological parameters    

Sediments (wet quartzite)    

Stress exponent n  2.3 

Pre-exponential factor A MPa-n.s-1 3.1623×10-7 

Activation energy E kJ.mol-1 1.54 × 105 

Activation volume V m3.mol-1 8.0 ×10-6 

Upper mantle (dry peridotite)    

Stress exponent n  3.5 

Pre-exponential factor A MPa-n.s-1 2.5 × 104 

Activation energy E kJ.mol-1 5.32 × 105 

Activation volume V m3.mol-1 12.0 × 10-6 

Oceanic basaltic crust (plagioclase)    

Stress exponent n  3.2 

Pre-exponential factor A MPa-n.s-1 3.1623×10-6 

Activation energy E kJ.mol-1 2.38 × 105 

Activation volume V m3.mol-1 0 

Hydrated/serpentinized mantle and 

weak zones (isoviscous) 

   

Viscosity η Pa.s 1.0 × 1019 

    

Plastic parameters    

Cohesion C MPa 30.0 

Cohesion after softening Cs MPa 0.1 

Internal friction angle α ° 25.0 

Internal friction angle after softening αs ° 0.1 

    

Max plastic strength (Peierls)    

Cohesion C MPa 300.0 

 607 

 608 



Extended Data (Movies) 609 

 610 

Movie E1. Movie of the model with a single plate boundary 611 

 612 

Movie E2. Movie of the model with two plate boundaries 613 
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