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Seismic evidence for oceanic plate 
delamination offshore Southwest Iberia

João C. Duarte    1,2  , Nicolas Riel3, Chiara Civiero4, Sónia Silva1, 
Filipe M. Rosas1, Wouter P. Schellart    5, Jaime Almeida6,7, Pedro Terrinha1,8 & 
António Ribeiro1

Subduction of oceanic lithosphere and delamination of continental 
lithosphere constitute the two predominant mechanisms by which the 
Earth’s surface is recycled into the mantle. Continental plate delamination 
typically occurs in collisional orogens by the separation of the lithospheric 
mantle from the overlying lighter crust, aided by weak layers within 
continental lithosphere. By contrast, oceanic lithosphere is generally 
considered to be sufficiently rigid to inhibit delamination. Here we show 
from seismic imaging and numerical simulations that delamination of 
oceanic lithosphere is occurring offshore Southwest Iberia. Specifically, 
seismic tomography reveals a high-velocity anomaly that we interpret as a 
delaminating block of old oceanic lithosphere, a process that we reproduce 
with numerical simulations. We propose that this process was triggered by 
plate convergence and assisted by a thick serpentinized layer that allows 
the lithospheric mantle to decouple from the overlying crust. We suggest 
that such oceanic delamination may facilitate subduction initiation, 
a long-unsolved problem in the theory of plate tectonics, and may be 
responsible for some of the highest-magnitude earthquakes in Europe, 
including the M8.5–8.7 Great Lisbon Earthquake of 1755 and the M7.9 San 
Vincente Earthquake of 1969.

The Southwest Iberian Margin lies along the Africa–Eurasia plate 
boundary zone1 (Fig. 1). The region is characterized by WNW–ESE 
oblique convergence of ~4 mm yr−1 (ref. 2). The resulting deformation 
is accommodated on the seafloor by a set of visible WNW–ESE strike-slip 
faults and NE–SW thrusts, which control the uplift of seamounts that 
separate abyssal plains3. The Southwest Iberian Margin has generated 
the highest-magnitude earthquakes in Europe4,5. These include the 
M8.5–8.7 Great Lisbon Earthquake of 1755, whose ground motion, 
tsunami and fires caused widespread destruction in Portugal and 
killed tens of thousands6–8; the M7.5–8.5 earthquakes of 1356 and 1761  
(ref. 9); and the more recent M7.9 earthquake of 1969, located ~200 km 
SW off Cape St. Vincent4 (Fig. 1).

The 1356, 1755 and 1761 earthquakes are poorly understood given 
their offshore location and occurrence within the historical period5. 
However, the more recent M7.9 1969 earthquake has been instrumen-
tally recorded. Remarkably, it occurred ~30 km below the flat Horse-
shoe Abyssal Plain, away from mapped major tectonic faults (Fig. 1 and 
Extended Data Fig. 2). Although of limited quality, aftershock locations 
were used to argue that the event occurred on a north-dipping thrust 
structure4,10. The same authors proposed that the 1969 earthquake 
was generated by a large trans-lithospheric thrust fault beneath the 
Horseshoe Abyssal Plain, responsible for the consumption of oceanic 
lithosphere10. However, the expression of such a major north-dipping 
lithospheric thrust was never detected by high-resolution bathymetry 
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initiation18. However, this model would imply >200 km of crustal short-
ening accommodated offshore SW Iberia, along a NW–SE direction 
(Extended Data Fig. 1). Such an amount of convergence contradicts 
palinspastic restorations that show a maximum tectonic shortening of 
20–50 km at crustal levels20–22. A possible explanation for this mismatch 
would be the existence of decoupling levels within the lithosphere. This 
would result in different amounts of shortening being accommodated 
between the deep lithosphere and the shallow crust.

More recently, a cluster of earthquakes located below the Horse-
shoe Abyssal Plain was characterized in detail using the NEAREST OBS 
experiment18,23. These earthquakes occur at depths of 20–60 km, within 
the lithospheric mantle (Fig. 2 and Extended Data Fig. 2). The small 
number of earthquakes above 20 km suggests mechanical decoupling 
between the unserpentinized lithospheric mantle (below 20 km) and 
a roofing serpentinized mantle layer and crust23. A seismic refraction 
study12 further revealed that the basaltic oceanic crust is missing in the 
Horseshoe Abyssal Plain and that the sedimentary cover lies directly 
on top of serpentinized lithospheric mantle (varying between 5 km 
and 10 km in thickness), while to the south of the plate boundary, the 
African domain is made of a thin basaltic oceanic crust (Extended Data 
Figs. 1 and 6). This is because the West Iberia margin is a hyperextended 
non-volcanic rifted margin that underwent mantle exhumation dur-
ing the first stages of seafloor spreading, without the generation of 
pervasive melts and the formation of a proper basaltic crust12,24 (Fig. 1). 
To the west, the Gloria Fault also shows signs of serpentinization up to 
depths of 12 km in a segment where the crustal age is 60 Ma (ref. 25). A 
recent study in the equatorial Atlantic also showed that relatively young 
segments of oceanic transform faults (for example, Romanche) can 
have serpentinization fronts that can extend down to depths of 16 km 
(ref. 26). This suggests that deep serpentinization is not confined to 
the margin but may extend along the oceanic transform faults and 
fracture zones.

or seismic reflection surveys3,11. All mapped faults at shallower crustal 
levels have an overall south-dipping vergence, such as the NE–SW Gor-
ringe Northern Thrust that uplifts a 5-km-high seamount (Gorringe 
Bank in Fig. 1). Besides, what mechanism could explain the existence of 
such a trans-lithospheric fault, capable of generating seismic events of 
very high magnitude, typical of subduction zones, below a flat abyssal 
plain overlain by almost undisturbed sediments?

Over the past 50 years, several multibeam and seismic surveys 
have searched for the elusive sources of the 1755 and 1969 earthquakes. 
These surveys mostly focused on major morphotectonic features, 
such as the Gorringe Bank, leaving parts of the Horseshoe Abyssal 
Plain poorly mapped3,11. An exception is a seismic refraction profile 
that cuts across the Horseshoe Abyssal Plain12 that imaged a step in 
the lithospheric structure, interpreted as a blind south-dipping thrust. 
However, this step occurs right at the intersection of a major strike-slip 
fault, rendering this structure’s interpretation non-unique. Numer-
ous conceptual models involving different tectonic sources for high 
seismicity were proposed8,13–17, but no consensus has emerged. Here, 
we integrate recent seismic and geological observations to propose 
a novel geodynamic interpretation for the region supported by new 
numerical models that can explain the generation of high-magnitude 
earthquakes and can be reconciled with the upper mantle structure.

Seismic tomography evidence for oceanic plate 
delamination
High-resolution teleseismic P-wave travel-time tomography cover-
ing the Southwest Iberian Margin and encompassing ocean bottom 
seismometer (OBS) data has confirmed the existence of a previously 
imaged high-velocity anomaly below the Horseshoe Abyssal Plain14,18,19 
(Figs. 1 and 2 and Extended Data Figs. 3–5; see also the Methods). This 
anomaly extends down to a depth of 250 km and has been proposed to 
correspond to a small slab that would be the expression of subduction 
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Fig. 1 | Simplified map of the Southwest Iberia segment of the Africa–Eurasia 
plate boundary. To the west, it is possible to recognize two main structures: 
the Gloria Fault, which is generally considered the main trace of the present-day 
plate boundary, and the seemingly less active Tydeman Fracture Zone (although 
this segment of the plate boundary is often referred to as diffuse1,48). Both these 
structures have experienced high-magnitude earthquakes. To the east, their 
linear morphological traces gradually give way to thrust fault systems that uplift 
the seafloor, forming two major bathymetric highs, the Coral Patch Seamount 
and the Gorringe Bank, that delimit the Horseshoe Abyssal Plain (see also 
Extended Data Fig. 1). This region has unleashed some of the major historical and 
instrumental earthquakes in the Atlantic region. Although the precise location 

of the historical earthquakes is unknown, probable locations are given. For the 
instrumental earthquakes, the circles roughly correspond to the uncertainties 
in their locations1,4–7,16. A more detailed structural map of the Horseshoe Abyssal 
Plain and surrounding areas is provided in Extended Data Fig. 2. The black arrow 
indicates the Africa–Eurasia convergence direction in the SW Iberia region 
for a fixed Eurasian plate48. The West Iberian margin is a classic example of a 
hyperextended magma-poor margin in which the continental and oceanic crusts 
are separated by a stripe of exhumed serpentinized mantle (light green)12,24,49. The 
projection of the seismic anomaly of Fig. 2a is depicted in darker green. Basemap 
created with the ArcGIS® software by Esri using data available from GEBCO 
(https://www.gebco.net/). Seismicity data are available at http://www.isc.ac.uk.
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A mechanism that would explain these observations is the mechan-
ical decoupling and removal of the lithospheric mantle, in a process 
akin to delamination or peeling, comparable to what is sometimes 
observed under continental orogens and/or collision zones27–30. In 
our case, delamination is triggered by plate convergence, as in the 
classical delamination model by Peter Bird31. We propose that the weak 
serpentinized lithospheric mantle acts as a layer that decouples the 
positively buoyant sedimentary crust from the underlying negatively 
buoyant lithospheric mantle. The fact that the delaminating block is 
vertically limited by two weak zones (Gloria and Tydeman) leads to the 
downward extraction (delamination) of a lower lithospheric mantle 
block. Such a process would explain why shortening at crustal levels 
is substantially less than would be implied by the existence of a typical 
subduction-related lithospheric slab penetrating the asthenosphere 

to depths of more than 200 km. Besides, if the delaminating block is 
still attached to the surface, it may continue to pull the crust down, 
explaining the sag of the Horseshoe Abyssal Plain and the formation 
of the thick sedimentary infill.

Simulations of oceanic plate delamination
To test this hypothesis, we carried out two-dimensional (2D) numerical 
models using the code Underworld32. The models include two oce-
anic lithospheric plates simulating Africa and Eurasia (Methods and 
Extended Data Fig. 7). A far-field convergence velocity of 8 mm yr−1 was 
imposed on the African lithosphere (Fig. 3); this value is higher than the 
present-day 4 mm yr−1 to account for the faster velocities during the 
Cenozoic33. The Eurasian plate lacks a well-developed basaltic crust, 
which is instead replaced by a weak 10-km-thick serpentinized layer, 
mimicking the structure obtained by refraction data12 (Extended Data 
Fig. 7). We tested the existence of either a single boundary separating 
the two plates (a weak fault zone) or a plate boundary zone limited 
by two main vertical fault zones, which more closely resembles the 
structure of the less compressionally deformed plate boundary zone 
that is observed further to the west (mimicking the Gloria Fault and 
the Tydeman Fracture; Fig. 1). A full parametric study is provided in 
the Supplementary Information (Supplementary Figs. 1–10 and Sup-
plementary Table 2).

In the model with one plate boundary, the vertical weak zone is 
converted into an incipient subduction zone, with the thinner (Eurasia) 
plate subducting under the thicker one (Africa) (Supplementary Fig. 6 
and Supplementary Video 1). In this case, the weaker serpentinized 
mantle on the Iberian side is converted into a subduction channel with 
the overlying crust accommodating about 200 km of displacement, 
which is not observed in the natural example. In the model with two 
vertical weak zones, something different and unexpected occurs. 
The block limited by the two weak zones sinks to the north under the 
Eurasian plate (Fig. 3, Supplementary Video 2 and Supplementary 
Fig. 9), facilitated by the second weak zone and the thinner Eurasian 
plate. The subhorizontal weak serpentinized layer thickens and accom-
modates most of the shortening, noticeably decoupling the bulk deep 
deformation from the crust. A new main north-dipping fault forms at 
the contact between a detaching lithospheric mantle block and the 
overlying serpentinized mantle (and crust). Right above this main fault, 
the sedimentary crust remains relatively flat. Surface deformation is 
accommodated mostly at the limits of the detaching block. Interest-
ingly, a south-dipping low-angle thrust forms in the sedimentary cover 
(in a Gorringe-like location; Figs. 3c and 4). Deformation (shortening) 
at crustal levels is less pervasive than that at deeper levels because 
most of the shallower deformation is accommodated within the weak 
serpentinized mantle. The overall geometry of the body resembles a 
case of flake tectonics10,27, with a block of lithospheric mantle descend-
ing into the asthenosphere, driven by the plate’s motion and its own 
negative buoyancy. To test whether the sinking lithospheric block 
was partially driven by its weight, we ran an additional model similar 
to the one shown in Fig. 3, but in which the convergence was stopped 
after 18 Myrs (Supplementary Fig. 10). The results showed that the 
block continued to sink independently. The full parametric study also 
revealed that lithospheric delamination and extraction occur only in 
models featuring a 10 km-thick serpentinized layer and two vertical 
weak (fault) zones (Supplementary Figs. 1–9).

At first order, the numerical model with the two weak fractures 
explains most of the observations (Fig. 4): (1) the existence of a fast 
seismic velocity anomaly that could reach depths of ~200 km below 
the flat Horseshoe Abyssal Plain limited by two deforming regions 
(that could mimic the Gorringe Bank, to the north, and the Coral Patch 
Ridge, to the south; Fig. 1); (2) the decoupling of the less deformed 
crust, with the formation of a major low-angle fault dipping to the south 
(mimicking the Gorringe northern thrust), from the underlying unser-
pentinized lithosphere; (3) the existence of a blind large north-dipping 
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Fig. 2 | Tomography model offshore southwest Iberia showing a high-
velocity anomaly interpreted as a delaminating lithospheric block. a, Slice 
at a sublithospheric depth of 150 km. b, Cross-section A–B cutting across the 
high-velocity anomaly off SW Iberia (dVp is the P-wave velocity anomaly). 
Strikingly, this anomaly is located precisely below the flat Horseshoe Abyssal 
Plain, the region where the 1969 earthquake occurred (‘beach-ball’), which was 
the strongest instrumental thrust event ever registered in Europe and Africa. In 
this region, there is also a cluster of relatively deep hypocentres (down to 60 km 
depth; red circles) that were recorded during the NEAREST OBS experiment 
(Extended Data Fig. 3). Note that the Gorringe Bank is located to the NE of this 
feature. Blue dots are the background seismicity recorded by the IPMA land 
seismic network between 2000 and 2015, which underestimates the depth of 
the hypocentres (see ref. 23 for a discussion). A resolution test is provided in 
Extended Data Fig. 5. We also identified a second object below the continental 
lithosphere in Morocco that could correspond to a drip discussed in ref. 22, 
although the authors discuss the existence of only one drip, while our new 
tomographic model suggests the existence of two. Tomography basemap and 
profile were generated using FMTOMO and GMT (https://nickrawlinson.com/
fmtomo/; https://www.generic-mapping-tools.org/) with data available at 
https://ds.iris.edu/ds/products/emc-ibem-p18ibem-s19/. Seismicity data are 
available at http://www.isc.ac.uk.
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fault separating the delaminating block from the overriding block;  
(4) this fault would be responsible for the observed low-to-moderate 
seismicity at depths of 20–60 km and could have been the elusive 
source of the 1969 earthquake.

It is important to note that, although our model fits a number of 
observations, we cannot fully rule out alternative scenarios12,17,18 involv-
ing ongoing subduction initiation with the development of a proper 
slab. Notwithstanding, in such scenarios, the 200-km-deep block 
imaged by the tomography is difficult to reconcile with the relatively 
low amount of shortening observed at crustal levels. A more complex 
structure is necessary to explain the observations10. A previous work12 
detected a potentially blind subcrustal structure below the Horseshoe 
Abyssal Plain, which has been interpreted as a SW dipping thrust fault. 
However, the profile crosscuts the structure near the intersection with 
a major strike-slip fault, and it is unclear how this would affect their 
model and interpretation. Nonetheless, it cannot be ruled out that the 
natural structure may have a more complex three-dimensional (3D) 
geometry with various levels of decoupling. Further work is needed 
to image the internal structure of the lithosphere (for example, refrac-
tion and teleseismic data) and clarify what tectonic processes are 
occurring in the area. Available seismic reflection data provide only 
a glimpse of the lithospheric structure (up to a depth of 10 km), in a 
region where the major seismogenic structures are located at depths 
of around 30 km.

Even though we do not yet fully comprehend what the expres-
sion of oceanic delamination would be, we can gain insight from what 
we know about continental delamination. In continents, a thermal 
anomaly is expected to be observed 10 Myrs after the process has 
started31. However, in the study region, the ongoing convergence may 
close any lithospheric gap, preventing the hot asthenosphere from 
rising. This may explain why there is no evident thermal anomaly in 
the region, although more detailed work would be needed to confirm 
it. Furthermore, in a scenario of spontaneous delamination driven 
solely by gravity, a positive Bouguer anomaly would be expected31. 
However, in the case of forced delamination, where a lithospheric 
block is being pushed down and the asthenospheric gap is being 
closed, a negative anomaly just above the sinking block would be 
expected instead. Meanwhile, a positive anomaly should be detectable 
where the serpentinized mantle is protruding (in the Gorringe Bank). 
This is precisely what the data show4,10: a positive Bouguer anomaly in 
the Gorringe Bank and a negative Bouguer anomaly in the Horseshoe 
Abyssal Plain. Finally, other evidence of a sinking lithospheric block 
is the 3–4-km-thick Cenozoic sedimentary layer flooring the Horse-
shoe Abyssal Plain. Such a layer requires accommodating space and 
is indirect evidence that the Horseshoe Abyssal Plain is being pulled 
down as a whole.

D
ep

th
 (k

m
)

0

100.0

200.0

300.0

D
ep

th
 (k

m
)

0

100.0

200.0

300.0

200

600
400

1,000
800

1,200

1,400

D
ep

th
 (k

m
)

0

100.0

200.0

300.0

D
ep

th
 (k

m
)

0

100.0

200.0

300.0

Africa plateEurasia plate Gloria Fault Tydeman Fracture Zone

Gorringe Coral Patch Seamount
Horseshoe Abyssal Plain

Serpentinized layer

Sublithospheric 
upper mantle

Lithosphere

Extracted 
lithospheric block

North dipping
thrust fault

Delaminating 
lithospheric block

1.41.21.00.80.60.40.2

Strain rate invariant (×10–13 s–1)

8 mm yr–1

100 km

a

b

c

d

0.2 Myr

3.0 Myr

9.7 Myr

24.5 Myr

Fig. 3 | Results of the numerical model with two plate boundaries showing the 
delamination and extraction of a lower lithospheric block. The modelling section 
aims at investigating processes occurring along a NW–SW direction (profile in Fig. 2).  
a, Initial stage of the model. b, Model evolution after 3.0 Myrs. c, Model evolution 
after 9.7 Myrs, corresponding to present-day conditions. d, Model evolution after 
24.5 Myrs, corresponding to future conditions. Note the formation of a flake-like 
structure in c with a Gorringe-like south-dipping thrust at crustal levels and a deeper 
lithospheric north-dipping fault below a flat region comparable with the Horseshoe 
Abyssal Plain, where a 1969-like event may have occurred (see schematic illustration 
in Fig. 4). This model shows that under these circumstances the oceanic lithospheric 
mantle may delaminate and be extracted, leading to unexpected lithospheric 
configurations similar to the ones observed offshore Southwest Iberia. The black 
arrows represent velocity vectors, and the red lines indicate isotherms in degrees 
Celsius. Strain rate for values higher than 0.1 × 10−13 s−1 are also shown. Beige colour: 
lithospheric mantle; light green: basaltic oceanic crust; salmon: serpentinized 
mantle; dark green: sedimentary crust; reddish: weak zones. Model outputs were 
generated using ParaView (https://www.paraview.org/); data and scripts are 
available via Zenodo at https://doi.org/10.5281/zenodo.15846292 (ref. 50).

Gorringe
Thrust

Coral Patch 
Seamount

Horseshoe
Abyssal Plain

Hidden north-
dipping thrust

N S

Drip-like 
structure

Upper mantle

Eurasia Africa

Serpentinized layer

1969
earthquake

Fig. 4 | Conceptual model of the present day, integrating insights from both 
the natural prototype and the results of numerical modelling. A delaminating 
block could reproduce the structure observed in the tomography model. The 
serpentinized layer decouples the crustal deformation from the one occurring 
at deeper lithospheric levels, giving rise to a flake-like structure, forming the 
south-dipping Gorringe thrust and the north-dipping fault associated with the 
1969 earthquake.

http://www.nature.com/naturegeoscience
https://www.paraview.org/
https://doi.org/10.5281/zenodo.15846292


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01781-6

Implications for seismicity and subduction 
initiation
We have estimated a potential rupture area of ~20,000 km2 for a fault 
based on the along-strike length of the tomographic anomaly (~160 km) 
and the dip angle obtained from 1969 focal mechanism4 (Supplemen-
tary Figs. 11 and 12). According to our calculations, this fault would 
generate an M8.6 event (with an average fault slip of 8.7 m) in case of a 
full rupture and an M8 earthquake (with an average slip of 3.7 m) for a 
partial rupture of 80 km, which is the rupture length proposed for the 
1969 event4. This would solve the long-lasting problem of the apparent 
inexistence of a fault with the characteristics necessary to explain the 
occurrence of very high-magnitude events in the region, including the 
Great Lisbon Earthquake of 1755.

Our identification of what could be the first example of oceanic 
lithosphere delamination also has important geodynamic implica-
tions. In the studied case, delamination is forced by the convergence 
between Africa and Eurasia, facilitated by a serpentinization front that 

mechanically decouples the crust from the underlying lithospheric 
mantle, located between two fracture zones. The lack of other obvi-
ous examples worldwide suggests the process may occur only under 
very specific conditions: it may require an old, thick and serpentinized 
oceanic lithosphere, with preexistent weak zones subject to a minimum 
amount of convergence. These conditions may occur only at old, hyper-
extended magma-poor margins and/or diffuse plate boundaries. There 
is also an observational challenge: the process is not easily detectable 
at the surface.

Although oceanic delamination may be rare in the present-day 
Earth, it might have been more common in periods over which wider 
areas of older and unstable oceanic lithosphere covered the Earth’s 
seafloor (for example, during late stages of oceans’ Wilson cycles) and 
potentially earlier in the Earth’s history (for example, in the Archaean). 
Recent geodynamic models34 suggested the early Earth’s lid might 
have been covered by a 50-km-thick serpentinized layer. Such early 
serpentinization was probably facilitated by the fracturing of the crust 
and exposure of mantle rocks by meteoritic impacts35. There is also 
evidence that early Earth delamination had an important role in the 
differentiation of the first continental blocks, before the kickstart of 
proper subduction zones36,37.

Although, currently, delamination of oceanic lithosphere does 
not seem to be a widespread mechanism for the recycling of oceanic 
plates, it may still have an important role in the early stages of subduc-
tion initiation. Subduction initiation in Atlantic-type oceans requires 
the fracturing and bending of a plate, conditions that may not be easy 
to achieve in the interior of Atlantic-type oceans38–42. Even when the 
lithosphere is already prefractured (for example, along a fracture zone), 
forces of sufficient magnitude to bend and pull down the lithosphere 
typically do not exist until subduction becomes self-sustaining38,40,43. 
Therefore, a forcing (for example, a preexistent convergence and/or 
a far-field stress), as well as additional weakening mechanisms (for 
example, hydration of the oceanic lithosphere/serpentinization), 
might be required to initiate subduction. These are precisely the condi-
tions observed in the study region. There is ongoing oblique conver-
gence between Africa and Eurasia, and compressive stresses might be 
propagating from the Gibraltar subduction system3. In addition, there 
is an old segment of serpentinized lithosphere between two active 
fracture/fault zones that corresponds to the limit of a hyperextended 
magma-poor margin. The evidence here presented, including (1) rela-
tively deep high magnitude seismicity, (2) limited shortening at crustal 
levels, (3) lack of a trench and (4) evidence for a sinking lithospheric 
block, suggests we are dealing with oceanic plate delamination. Pre-
vious work31 comparing the processes of delamination and subduc-
tion, two modes of lithospheric recycling, suggests that delamination 
may require less mechanical work than subduction. This may explain 
why, under specific conditions, delamination may precede (and even 
facilitate) subduction initiation. Once part of the lithosphere starts to 
sink by delamination, subduction may be easily initiated (model 9 in 
Supplementary Fig. 9).

Conceptual model of oceanic plate delamination
A possible evolutionary model for the region is as follows (Fig. 5). The 
continued convergence between Africa and Eurasia, and the peak of the 
Betics orogeny around 10 Ma related to the formation of the Gibraltar 
Arc33, led to the reactivation in compression of two Atlantic fracture 
zones located offshore SW Iberia: Gloria and Tydeman (Fig. 5a). In the 
Horseshoe Abyssal Plain region, the presence of a serpentinized layer 
and absence of a proper basaltic oceanic crust led to the separation of 
the lithospheric mantle from the overlying sedimentary crust (Fig. 5b). 
The two fracture zones isolated a lithospheric block undergoing delami-
nation that began sinking northwards, leading to the formation of 
a major thrust fault at the present-day location of high-magnitude 
seismicity (for example, the 1969 earthquake, and possibly the 1755 
Great Lisbon Earthquake). This block has been imaged using seismic 
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Eurasia Africa
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block

Delaminated
block

New subduction
interface

Upper mantle

Thrust

a    10 Ma: initial configuration

b    Present-day configuration

c    +20 Myr: extracted block

d    +30 Myr: subduction initiation

Fig. 5 | Evolutionary model. a, Initial configuration. b, Present-day situation with 
a delaminating block with a major thrust below the Horseshoe Abyssal Plain.  
c, Future evolution with the extraction of the delaminated lithospheric block.  
d, Initiation of a subduction zone.
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tomography. Our geodynamic model suggests that, if the process con-
tinues, the block between the two fractures will eventually be extracted 
(Fig. 5c) and the Eurasian lithosphere will start sinking below the African 
plate, forming a new subduction interface (Fig. 5d). By this time, the 
Gibraltar Arc44 may have already reached this area, and the two sys-
tems may have coalesced into a new Atlantic subduction system that, 
together with the Lesser Antilles45 and the Scotia46 arcs, could lead to 
the consumption of the Atlantic Ocean3,47.

Online content
Any methods, additional references, Nature Portfolio reporting 
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41561-025-01781-6.
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Methods
Seismic tomography
The tomography model19 resulted from the integration of broad-
band teleseismic P-wave travel-time data, recorded between 2007 
and 2013, from 387 seismic land stations deployed throughout the 
Ibero-Maghrebian region (Extended Data Fig. 3). To obtain good 
ray coverage offshore SW Iberia, 24 temporary broadband OBSs 
deployed during the NEAREST experiment between 2007 and 2008 
were included51, which were crucial to robustly image the investigated 
region. Data from five additional broadband OBSs from the TOPOMED 
project, recorded between 2009 and 2010, were also added52.

A total of 25,644 arrival-time residuals from 451 teleseismic events, 
with a moment magnitude of at least 5.5, in the teleseismic epicentral 
distance range 30° < Δ < 95° were examined. All the recorded traces 
were aligned using predictions from the global reference model ak13553 
and low-pass filtered at 5 Hz. The adaptive stacking procedure54 was 
then used to achieve final alignment, thus obtaining a set of arrival 
time residual estimates for each source.

The structure is represented by a regular grid of nodes spaced 
0.4° in latitude and longitude and ~35 km in depth, extending from the 
Moho down to 800-km depth.

Relative arrival-time residuals were inverted using the FMTOMO 
package55 to recover the upper mantle seismic structure (https:// 
nickrawlinson.com/fmtomo/). FMTOMO solves the forward problem 
of travel-time prediction using a grid-eikonal solver, known as the Fast 
Marching Method56–58. Model parameters are adjusted with a subspace 
inversion technique59. The forward and inverse steps are applied itera-
tively to address the weakly nonlinear nature of the inverse problem. 
Because Moho topography and crustal velocity structure can have a 
noticeably influence on teleseismic travel times60, an a priori 3D crust 
and Moho model (PRISM3D) was applied to the starting model19, which 
has the effect of correcting for unresolved crustal contributions to the 
measured arrival-time residuals60,61.

Tomography resolution test
To test the resolving ability of our dataset offshore SW Iberia, we per-
formed a synthetic spike resolution test, where two input velocity 
anomalies with a width of ~100 km and an amplitude of 0.30 km s−1 were 
superimposed on our starting model at a depth of ~90 km (Extended 
Data Fig. 5). The comparison between the input and output models 
suggests a good resolution for high-velocity features in the upper-
most mantle, although some horizontal and vertical smearing occurs. 
Nonetheless, the separate input anomalies can be clearly identified. 
This further supports that the high-velocity anomaly imaged in the 
tomography is a real feature and not an artefact of the inversion.

Numerical modelling
Modelling strategy. We have developed numerical models to inves-
tigate the processes of oceanic delamination that are arguably occur-
ring in the Southwest Iberian Margin. The aim of these models was not 
to reproduce the natural example in all its complexity but to simulate 
first-order processes. Our modelling strategy was the following: (1) 
integrate and interpret geological and geophysical data; (2) develop 
a conceptual model that allows explaining the data; (3) develop a 
simplified numerical simulation that allows testing systematically 
different variables (individually and combined) that control the 
first-order processes encompassed by our conceptual model; (4) 
obtain a new physical understanding of the driving, resisting and 
facilitating mechanisms at stake (that is, improve our conceptual 
model); (5) use this understanding to improve our knowledge about 
the natural prototype.

Mathematical formulation. We use Underworld to solve the 
equations of momentum, continuity and energy and to track material 
properties62. The continuity and the momentum equations are given by

∇ ⋅ v = 0 (1)

and

∇ ⋅ σ = ρg (2)

in which v is the velocity vector, σ the stress tensor, ρ the density and 
g the gravity acceleration vector. The stress tensor is given by

σ = σ′ − PI (3)

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

The deviatoric stress tensor (σ′) is defined as a function of both 
strain rate and effective viscosity:

σ′ = 2ηeff ̇ε, (4)

with ηeff  being the effective viscosity and ̇ε  the strain rate tensor  
defined as

̇ε = 1
2 [∇v + (∇v)T] . (5)

The heat equation is given by

ρCp (
∂T
∂t

+ v ⋅ ∇T) = κ∇2T + Hs + HA (6)

in which Cp is the specific heat, T the temperature, t the time, κ  the 
thermal diffusivity, Hs the shear heating and HA the adiabatic heating. 
The shear heating term is given by

Hs = σ′ ∶ ̇ϵ. (7)

The adiabatic heating term is given by

HA =
−Tαvyg

cp
, (8)

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

The effective viscosity is nonlinear and calculated according to 
the following model:

ηeff = A−
1
n ̇ϵ

1
n
−nexp (Ea + VaP

nRT ) , (9)

with A being the preexponential factor, n the stress exponent, Ea the 
activation energy, Va the activation volume and R the universal  
gas constant.

Compressibility for lower crustal and mantle rheologies is 
achieved by relaxing the incompressible constraint of equation (1) 
such as

∇ ⋅ v = −P
λ

(10)

in which λ is a parameter equivalent to viscosity.
Plastic deformation is modelled using the Drucker–Prager yield 

criterion, in which the material yields when the applied stress exceeds 
the yield strength:

√σ′II = p sin (ϕ ) + C cos (ϕ ) , (11)
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with σ′II representing the second invariant of the deviatoric stress ten-
sor, ϕ the internal friction angle and C the cohesion. Strain weakening 
is modelled by linearly decreasing the internal frictional angle and 
cohesion as accumulated brittle strain increases up to 50% (Supple-
mentary Table 1).

Model description and assumptions. The models consist of a 
2,800 × 660 km 2D box with a resolution of 1,400 × 200 finite elements 
(Extended Data Fig. 7). The grid spacing is non-uniform along the verti-
cal axis with an element size of 1.25 km in the lithosphere and 5.0 km 
in the upper mantle. The modelled region comprises a 15-km-thick air 
layer, and two oceanic plates embedded in a 660-km-deep upper man-
tle. The plate on the right represents an older (and thicker) Africa-like 
oceanic plate covered by a 10-km-thick basaltic crust overlaid by a 
5-km-thick sedimentary layer. The plate on the left simulates a younger 
Eurasia-like oceanic plate in which the basaltic crust is replaced by 
a 10-km-thick serpentinized upper mantle layer (and eventually 
hydrated, but almost non-existent, basaltic crust) that tapers to the 
north. Note that the thickness of the plates is given by their thermal 
structure, with the lithosphere–asthenosphere boundary correspond-
ing to the 1,200 °C isotherm. The crustal and upper mantle structures, 
including the potential extent of serpentinization, are compiled from 
different sources cited in the text, but particularly inspired by an exist-
ing seismic refraction profile12 (Extended Data Fig. 6).

The rheological parameters used in this study are presented in 
Supplementary Table 1. The initial temperature profiles of the oceanic 
plates are prescribed according to the half-space cooling model63. 
The thickness of the boundary layer is chosen to be 100 km, and the 
half-space cooling age is 120 and 170 Myr for the northern and southern 
segments, respectively.

To investigate the role of preexistent weak fracture or fault zones 
and the influence of a serpentinization layer in the process of delamina-
tion, we devised a parametric study. The models were run with three 
configurations: no vertical weak zones, one vertical weak zone and 
two vertical weak zones spaced by 200 km (the vertical weak zones 
were 90 km deep and 10 km wide). For each of these configurations, 
we run models without a serpentinized weak layer, with a 5-km-thick 
serpentinized layer and with a 10-km-thick serpentinized layer, totalling 
nine models (see models D1 to D9 in Supplementary Table 2). Model 
D9 is the one that more faithfully resembles our natural prototype and 
is, therefore, our reference model. For the reference model, we also 
tested a case in which the convergence was stopped after 18 Myr (model 
D10). Although convergence never ceased in our natural example, this 
approach allowed us to test whether the sinking of the block could 
include a gravity-driven component.

The boundary conditions were set to be no slip on the bottom, 
free slip on the sides and free surface on the top. To simulate the north-
ward motion of the African plate, a velocity of 8 mm yr−1 was imposed 
on the southern oceanic plate while the northern segment was kept 
fixed. This velocity is representative of the Cenozoic Africa–Eurasia 
convergence velocity. During this period, Eurasia remained largely 
stationary, while Africa moved northwards, driven by subduction 
zones along the Tethys Ocean. However, this convergence slowed 
down in the last million years due to continental collisions along the 
peri-Mediterranean orogens (for example, Betics and Rif). Further-
more, the study region is close to the African pole of rotation, and, 
therefore, we opted to use a relatively slow convergence velocity of 
8 mm yr−1, slightly higher than the present day, to account for slightly 
higher past values. Notwithstanding, we performed kinematic sen-
sitivity tests by running the reference model at 2, 4, 6 and 8 mm yr−1. 
The results were similar, with only the total time required to reach the 
same outcome varying proportionally.

We opted for using a 2D approach for two reasons: (1) the feature 
interpreted as a delaminating block is elongated along a WSW–ENE 
direction, which is perpendicular to the convergence direction (Fig. 2 

and Extended Data Figs. 2 and 4), and, therefore, the process is sym-
metric about a NW–SE plane; (2) the numerical model serves as a proof 
of concept, developed to test the feasibility of the delamination process 
and to identify the parameters that control it. Given the complexity of 
the region, a 3D model would have to incorporate many second- and 
third-order features that would increase the complexity of the model 
and decrease our capacity to learn from it.

Data availability
Bathymetry data used to produce the base maps of Fig. 1 and Extended 
Data Fig. 1 are available via the General Bathymetric Chart of the 
Oceans (GEBCO) website at https://www.gebco.net/. The base map 
in Fig. 1 was produced using ArcGIS software by Esri through an edu-
cational licence. The base map in Extended Data Fig. 1 was produced 
using The Generic Mapping Tools (GMT64) available at https://www.
generic-mapping-tools.org/. The tomography data used to create 
the base maps and profiles in Fig. 1, Extended Data Fig. 2 and Sup-
plementary Fig. 11 are available via the IRIS server at https://doi.
org/10.17611/dp/emcibemp18s19. The maps and diagrams in Fig. 2 and 
Extended Data Figs. 2, 4 and 5 were created using GMT (https://www.
generic-mapping-tools.org/). Figure 3 and Supplementary Figs. 1–10 
were produced with ParaView, an open-source, multi-platform data 
analysis and visualization application (https://www.paraview.
org/) with data available via Zenodo at https://doi.org/10.5281/
zenodo.15846292 (ref. 50). Scripts, input files and instructions to 
perform the numerical simulations, process the outputs and pro-
duce the figures with ParaView are available via Zenodo at https://
doi.org/10.5281/zenodo.15846292 (ref. 50). Earthquake data are 
available via the International Seismological Centre (ISC) at http://
www.isc.ac.uk. The NEAREST OBS deployment data used in Fig. 2 and 
Extended Data Fig. 2 are available at http://www.isc.ac.uk/cgi-bin/
agency-get?agency=INMG, http://www.isc.ac.uk/cgi-bin/serve_contri
bution?repid=300001482 and http://www.isc.ac.uk/cgi-bin/serve_con
tribution?repid=300001482.

Code availability
The tomography model was created using FMTOMO (https://nickraw-
linson.com/fmtomo/), which is freely available via GitHub at https://
github.com/nrawlinson/FMTOMO (refs. 55,56). The numerical simu-
lations were performed using the open-source code Underworld, 
available at https://www.underworldcode.org/. Scripts, input files and 
instructions to perform the numerical simulations, process the outputs 
and produce the figures with ParaView were are available via Zenodo 
at https://doi.org/10.5281/zenodo.15846292 (ref. 50).
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Extended Data Fig. 1 | Seismo-tectonic setting. Bathymetry of the SW Iberia 
segment of the Africa-Eurasia Plate Boundary (https://www.gebco.net/) and 
seismicity (M≥3) between 1900 and 2023 (ISC catalogue: http://www.isc.
ac.uk). Main tectonic structures (yellow) and magnetic anomalies (purple). 
White dashed line: limit of the continental domain. Black line: rough direction 

of profile in Figs. 2, 3, 4, and Extended Data Figs. 6 and 7. TAP – Tagus Abyssal 
Plain; HAP – Horseshoe Abyssal Plain; SAP – Seine Abyssal Plain. Green area: 
region of exhumed mantle. Base map created using GMT64 (https://www.
generic-mapping-tools.org/) with data from GEBCO (https://www.gebco.net/).
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Extended Data Fig. 2 | Simplified crustal tectonic map of Southwest Iberia 
overlaying the tomography model19. The main thrust faults are shown in black, 
the vertical/strike-slip faults in white and the Gibraltar accretionary wedge 
in grey3. The Horseshoe Abyssal Plain seismicity cluster imaged during the 
NEAREST OBS experiment is also shown with coloured circles23. There are two 
families of events: a shallower one (blue colours) and a deeper north-dipping one 

(orange-yellow colours; see also Fig. 2b). The ‘beach-ball’ marks the epicenter of 
the 1969 St. Vincent earthquake4, far from any of the major mapped faults. The 
blue dots are the background seismicity recorded by the IPMA seismic network 
between 2000 and 201523. The base map is a tomography model generated with 
FMTOM and GMT64 (https://nickrawlinson.com/fmtomo/; https://www.generic-
mapping-tools.org/). Seismicity data available at http://www.isc.ac.uk.
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Extended Data Fig. 3 | Location of the seismic stations (green, grey and white 
symbols in main map) and events (red dots in inset global map) used for 
the tomographic model. The stations are coded according to their network 
and cover an area extending from the Pyrenees in the north to Morocco 
and the Canary Islands in the south. The six labelled stations are those for 

which residuals are shown in Civiero et al19. Seismic experiment and station 
information can be found in their Supplemental Information Tables 1 and 2. OBS 
located in the study area are marked with stars. Reproduced from ref. 19, with 
permission from Elsevier.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01781-6

Extended Data Fig. 4 | Three-dimensional depiction of the interpreted delaminating block based on tomography data. The contour surface represents  
dVp = 0.1 km/s. Diagram generated with FMTOM and GMT64 (https://nickrawlinson.com/fmtomo/; https://www.generic-mapping-tools.org/).
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Extended Data Fig. 5 | Resolution test with spike anomalies. a) Slice at 90 km 
depth showing the locations of the input spikes. b) Slice at 90 km depth showing 
the recovered spike anomalies. c) Cross-section of the two spikes through the 
input model. d) Cross-section through the output model. The orientation of 

the cross-section is shown on the map of panel a) in black. The test shows a 
good resolving ability of the inversion for the studied area offshore SW Iberia. 
Diagrams generated with FMTOM and GMT (https://nickrawlinson.com/
fmtomo/; https://www.generic-mapping-tools.org/).
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Extended Data Fig. 6 | Schematic interpretation based on a seismic refraction model. Schematic interpretation of a SE-NW profile based on a seismic  
refraction model12.
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Extended Data Fig. 7 | Numerical models initial set-up. Note that for the reference model shown in Fig. 3 both weak zones I and II and the serpentinite layer were 
implemented, while for the other models they may be absent.
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