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Part I

The birth of modern Seismology



Lisbon in 1755: A city of oppulence

15th century (Ceuta 1415) – 20th century (Macau 1999)
(Greatest extent in 1820)

“Águas Livres” aqueduct (1731-1799)

Execution of criminals convicted by the Inquisition, 
18th century, City Museum, Lisbon

Lisbon, 1752

Portugal in the age of explorations

Economic and cultural richness Architectural splendor

Counter-reform deeply religious culture

The university forbade “… any conclusions 
contrary to the Aristotelian system … such 
as those of Descartes, Newton, …” (1746)



November 1st, 1755: The great Lisbon earthquake

Ground shaking
All Saints day, many in houses and churches.

~9h40, 7-15 min, 2-3 moments of shaking
“>1/3 of houses remain habitable”

“1/10 of houses are levelled to the ground"
(Moreira de Mendonça)

Fires
House stoves, church candles.

Many wood buildings.
Deadly for many under rubble.

People rush to the riverside.

Tsunami
Inundates downtown, ships in the river.

“Water level rises for 5 min, then falls, repeats for 3x.”
Sea level returns to normal at ~14h

City Museum, Lisbon

+ Many aftershocks… (~11h, 10 years…)



Emergency Management

• “First” earthquake disaster in which 
the state takes the responsibility of 
organizing the emergency response.

• “Take care of the living, bury the dead.”
• Search & rescue.
• Military help from out of Lisbon.
• Centralized food distribution.
• Strong law enforcement.
• Prevent people from leaving the city.
• Temporary shelter.
• Rebuilding of Lisbon.

Marquês do Pombal
(1699-1782)

(PM: 1756-1777)



Theological & Philosophical

Divine punishment

João Glama Ströberle (1756)
Museu Nacional de Arte Antiga, Lisbon

A benevolent God?

Voltaire (1759)

A natural disaster,
but with human 

responsibility.

“If the residents of 
this large city had 
been more evenly 
dispersed and less 

densely housed, the 
losses would have been 
fewer or perhaps none 

at all”

Rousseau to Voltaire (1756)



Scientific

Lissabon
Faro

Africa

Ruhlen (1756), Linda Hall Library

Elasticity (Hooke, 1676)

The inner Earth

The “motion of the Earth” reaches far from 
the source (Kant, 1756 a,b,c)
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Reid, BSSA 1914

1D Wave equation (D’Alembert, 1747) 

Seiches (Bueno et al, EFM 2020)

Sound & Acoustics

Mersenne 1640: Measured speed of sound
Newton 1687: Motion through resisting mediums



“Conjectures concerning the cause, and observations upon the phaenomena, of earthquakes; 
particularly of that great earthquake of the first of November 1755, which proved so fatal to the city 
of Lisbon, and whose effects were felt as far as Africa, and more or less throughout almost all Europe”

John Michell (Philosophical Transactions, 1760)

John Michell (1724-1793) 
“Father of Seismology & Magnetometry”

“… earthquakes have their 
origin underground…”

“… the cause (…) is 
subterraneous fires…”

Seismically active regions.

Volcanoes are seismically 
active regions.

Earth motion:
1) “Tremulous” (shaking), 

near-field.
2) “Propagated by waves”, 

far-field.

Aftershocks.

Source, ray direction.
Seismic velocity.

Seismic waves

“… this compression 
must be propagated on 

account of the 
elasticity of the Earth, …👏



“Conjectures concerning the cause, and observations upon the phaenomena, of earthquakes; 
particularly of that great earthquake of the first of November 1755, which proved so fatal to the city 
of Lisbon, and whose effects were felt as far as Africa, and more or less throughout almost all Europe”

John Michell (Philosophical Transactions, 1760)

2. Arrival times

3. ttsunami – tseismic 

Earthquake location:
“… I compute, at a distance of 

about a degree of a great circle 
from Lisbon, and a degree and a 

half from Oporto”,

“… [as to] the depth (…) I know of 
no method of determining it, …”

Tsunami speed depends 
on water depth.

Earthquake location
1. Incoming directions

Locating The Epicenter 
● S and P wave time difference

○ P and then S

 

● Distance associated with time
○ 3 or more used

Ti
m

e

Distance

tseis ttsu

😰

John Michell (1724-1793) 
“Father of Seismology & Magnetometry”
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“Macroseismic” questionnaire
1. At what time did the earthquake begin on November 1st, and how long did it last? [Time, duration of shaking]
2. Did you perceive the shock to be greater from one direction to the other? E.g., from north to south, or on the contrary, did 

more buildings seem to fall to one side or the other? [Directionality]
3. How many buildings were ruined in each parish, if any notable buildings were among them, and in what state did they 

remain? [Damage]
4. How many people died, and were any of them distinguished? [Fatalities]
5. What unusual phenomena were observed in the sea, springs, and rivers? [Hydrological effects]
6. Did the sea rise or fall first, how many hands did it rise above normal, how many times did you notice the extraordinary 

rise or fall, and did you note how long it took for the water to fall and rise? [Tsunami polarity, amplitude, period, nr of 
waves]

7. Did the earth open up in some places, what was noticed there, and did any new springs burst forth? [Surface “rupture”]
8. What measures were immediately taken in each place by the clergy, the military, and the ministers? [Emergency response]
9. What earthquakes have repeated since the first of November, at what time, and what damage have they done? 

[Aftershocks]
10. Have there been any other earthquake in living memory and what damage did they cause in each place? [Background 

seismicity]
11. How many people are there in each parish, stating, if possible, how many of each gender? [Demography]
12. Has there been shortage of food? [Supplies]
13. If fire broke out, how long did it last and what damage did it cause? [Fire duration and damage]
Extra. Did any damage occur in the 1755 earthquake, and if so, what was it, and has it been repaired? [Reconstruction]

Currently archived at Torre do Tombo.
(Lost for the Algarve and Lower Tagus Valley.)

“… has a truly scientific character, 
quite unusual for the time” 

Montessus de Balore (early 20th century)

Portugal
Spain



Engineering & City Planning
“Gaiola Pombalina”

& anti-fire walls

Café do Rio, Praça do Comércio

City Planning

Before After

Museu do Técnico



The aftermath: Engineering & City Planning
“Gaiola Pombalina”

(& anti-fire walls)

Café do Rio, Praça do Comércio

City Planning

Before After

IASPEI 2025 – Buildings Damaged by the 1755 Lisbon earthquake 

 

 
Presentation by CSOliveira and MLSerafim September 4, 2025: Visit to downtown Lisbon Oliveira & Serafim, Thu 17:15, J07 



Part II

The quest for the source



Seismic Intensities

Pereira de Sousa (1932)
(n=500+ Rossi-Forel)

Felt area (1849-52)
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4 earthquakes in Aug/1755
2 earthquakes in Oct/1755

10 earthquakes in Nov/1755

13 earthquakes in Dec/1755

18/Nov/1755, M6+, New England

AHEAD

23/08/2025, 15:32
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Figure 2. Isoseismal map of the November 1, 1755 earthquake obtained from this study. Intensities shown correspond to EMS-98.

collapse of buildings, or to the loosening of construc-
tion or decorative elements. Panic was the other main
cause of human victims, either from heart attacks or
by accidents in the desperate escape, sometimes even
in places where damage to buildings did not occur.

It should be mentioned that the number of victims
of the earthquake has been often overestimated. Al-
though this is out of the scope of this paper, we may
recall that in many publications (see e.g. Bolt, 1993) it
is accepted that the deaths directly originated in Por-
tugal and Morocco were some 50 to 70 thousands,
most of them in Lisbon. The victims in Portugal prob-
ably did not exceed 12,000 due to all causes, of which
only 10.000 would correspond to Lisbon. (Moreira
de Mendonça, 1758; Pereira de Sousa, 1915, 1916,
1928). In Morocco there were also many victims but it
is not possible to quantify their number because both,

the Arab and the European sources, mix up informa-
tion of the earthquakes occurred on 1 November with
that of others which followed on 18 and 27 Novem-
ber (Levret, 1991). We may conclude that victims
caused by the earthquake motion and the tsunami in
Portugal, Morocco and Spain could be between 15 and
20 thousand people.

Other characteristics of the earthquake

Epicentral location

The location of the earthquake focus has led to dis-
crepancies between different authors and obviously
the recently found documents in the AHN contribute
little to such point. Since Milne proposed in 1841, for
the first time, a geographical position of the epicentre,

Martinez Solares & Lopez Arroyo (2004)

Intensities

Portugal: Moreira 1984 (n=128 MMI)
Spain: IGN 2010 (n=1214 EMS)

Morocco: Levret 1991 (n=13 MSK)
France: SisFrance 2016 (n=69 MSK)

18-27/Nov/1755, Rif
(Blanc, NHESS 2009)



Macroseismic location
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“… only for convenience”

Reid (1914) Machado (1966)
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Isacks, JGR 1968

Plate tectonics (1960s)

1969 M7.8 earthquake

1969 M7.8, z=37 km (Buforn et al, 2019)

18,27/Nov/1755, Rift
(Blanc, NHESS 2009)

“Somewhere” in the SWIM plate boundary.

1755 eqk (MS&LA 2004) 10W, 36.5N



Magnitude

Gutenberg and Richter (1949)
M 8.75 – 9

“… swinging of suspended objects, and of 
seiches, indicate that the surface waves were 
very large over the whole of western Europe 

(Reid 1914)” + perceptibility radius of 2500 km

Johnston (GJI 1996)
M 8.7 ± 0.39

(Machado 1966 epicenter)

SEISMICITY

OF THE EARTH
AND ASSOCIATED PHENOMENA

By B. GUTENBERG and C. F. RICHTER
SEISMOLOGICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY

1949

PRINCETON UNIVERSITY PRESS

PRINCETON, NEW JERSEY

FREQUENCY AND ENERGY OF EARTHQUAKES
Magnitude Calculated Observed Deficit

39 28 11B.i- 8.5
8.6- 9.0 14 i (Af=8.6) 13
9.1-10.0 70 7

This is also to be expected, since there should
be an upper limit to the strain which can be
supported by rock before fracture. From iso-

static data, Tsuboi (1940) calculated the maxi-
mum energy of an earthquake as 5.6 X l 24

ergs. This, however, is appreciably less than
the largest energies calculated from the revised

equation (2) for observed earthquakes since

1904, which appear to reach io27 ergs.
No shock has been assigned magnitude over

8.6. None of the greater shocks for which we
have reliable accounts appear to have been of
much higher magnitude, although a shock of

magnitude gi/% would release about forty
times the energy of the largest catalogued
shock, and ought to occupy an exceptional
place in the historical record. The great In-

dian earthquake of 1897 apparently did not
much exceed magnitude 8^; the seismograms
of the Alaskan shocks of September 1899
(Milne, 1900; Tarr and Martin, 1912) indicate

magnitude between 814 and 8i/2 . A more seri-

ous question relates to the magnitude of the
Lisbon earthquake of 1755, since the phe-
nomena of swinging of suspended objects, and
of seiches indicate that the surface waves were

very large over the whole of western Europe
(Reid, 1914). This, combined with the enor-
mous area perceptibly shaken, (regardless of

the probability that shocks occurred with sev-

eral different epicenters) suggests a magnitude
between 8^4 and 9- A shock of magnitude over
10 should theoretically be perceptible in scat-

tered areas over the whole earth; alleged his-

torical accounts of such events probably rest

on a confusion of different shocks occurring
near the same time. In recent years such state-

ments may refer to instrumental recordings.
For shocks at intermediate depth the falling

off in frequency with increasing magnitude
becomes rapid at a lower magnitude level

(7.8) than for shallow shocks (Fig. 5). The en-

tire distribution is shifted toward lower mag-
nitudes. This may be attributed to smaller

breaking strength at depth, making the ac-

cumulation of large strains less probable, or

to greater plasticity, or to both. It is not likely
that there is any sufficiently large systematic
error in determining magnitudes for interme-

diate shocks. For magnitudes 7.9 and over,

extrapolation of equations (3) and (5) calls

19

for 14 shocks in 42 years, while actually only
6 were observed (none over magnitude 8.2).

Deep shocks show a still larger displacement
of the distribution curve, but the numbers are
so small that conclusions are less positive.
Since 1904 there should have been three deep
shocks with magnitude over 7.8; only one such
shock (depth only 340 km.) has been observed

(1906).
Table 4 includes the largest identified shocks

in each group (1904-1947). Combining (2)

log E= 12 + 1.8 M
with (3)

log N = a + b (8 Af)
we find

(9) log NE = c + k M
NE is the energy annually released within a

range of o.i magnitude centered at the given
M. This can be integrated, with the result

(10) log
* = c ~f 0.64 log k 4- kM

which is sufficiently close (for shallow shocks)
when M ranges from 4 to 8, but should not be

applied beyond those limits. E* is then the an-

nual energy in ergs released in all shocks up to

magnitude M.
Using (4), (5) and (6) the following values

for c and k result:

c k
Shallow shocks 18.7 0.9
Intermediate 20.4 0.6

Deep 19.7 0.6

This gives for

(11) shallow shocks: log E* = 19.4 -f- 0.9 M
(12) intermediate: log E* = 21.2 -j- 0.6 M
(13) deep: log JE* = 20.5 -j- 0.6 M
Values for E* in units of io26 ergs calculated

from these equations are given in Table 5.

Equations (12) and (13) are probably not
valid below magnitude 6i/2.

The ratios of energies released up to succes-

sive levels are well determined. Absolute val-

ues of E and E* are less certain, because of

difficulty in fixing the zero of the empirical
magnitude scale in terms of absolute units.

Table 5 supports the conclusion that smaller

shocks almost never are sufficiently frequent
to approximate the energy released in larger
shocks. This means that great shocks are es-

sentially independent events, uninfluenced by
the occurrence of smaller earthquakes, which
are at most symptomatic of the regional strains

released in major shocks. Data for southern
California show that this relationship extends

Seismic moment assessment of earthquakes-Ill 335 

(b) 1969 St. Vincent / 

I I 
4 O  8 O  

Figure 10. Isoseismal comparison of the (a) 1755 Lisbon and (b) 1969 St Vincent (M 7.8) earthquakes. (a) is from this study and (b) from Lopez 
Arroyo & Udias (1972). The Betic, Atlas, and Pyrenees mountain belts (shaded) are active tectonic, not SCR, crust. The set of St Vincent isoseismal 
areas can serve as calibration for the determination of the Lisbon earthquake's seismic moment from Fig. 9 isoseismals assuming the two events 
are nearly co-located and have similar mechanisms and stress drops. The L-symbols in (a) denote the landslide locations from Martinez Solares, 
Lopez Arroyo & Mezcua ( 1979) that are used in Fig. 11 (b). 

(e.g. Anderson, Savage & Quaas 1995).] The ranking for 
Lisbon must be tempered by the fact that much of its felt area 
is inferred or extrapolated because of its oceanic location. 

Results of an eqs (1) SCR regression analysis on individual 
Lisbon Ai range from a low of M 8.1 for Avl to a high of M 
8.7 for Afel,. The Lisbon F94 Mbest is 8.4; with the St Vincent 
calibration, Mhst increases to 8.7. Having the full complement 
of seven Ai from Awl, to Avl,, yields a small weighted-average 
uncertainty of 0.17 M units. However, when calibration-factor 
uncertainty and systematic error are included, the final Lisbon 
M+oG are: Mfi,,,=8.7f0.39 [M,= 1.26 (0.32-4.9) x loz9 
dyne cm]. 

Lisbon source scaling 

The Lisbon earthquake nucleated in oceanic lithosphere, which 
is olivine-rich and maintains brittle behaviour to considerably 
higher temperature than continental crust. The thermal regime 
of oceanic lithosphere correlates tightly with its age. In a model 
of oceanic lithosphere as a slab cooled by vertical conduction 
only, isotherm depth h is a function of lithospheric age t=x /v :  
baa, where x is distance from the spreading axis and o is 
the half-spreading rate. In depth profile, the isotherm is para- 
bolic, deepening with distance (age) from the ridge axis. Several 

studies of oceanic intraplate earthquakes have found that maxi- 
mum hypocentral depth increases with t and seems to be limited 
by isotherms in the 600-800°C range (e.g. Wiens & Stein 1983, 
Bergman 1986) in contrast to 300-450 "C for continental crust. 

Oceanic lithosphere off the Portuguese continental margin 
is old, - 130-170 Myr. Grimison & Chen (1986) modelled the 
lithosphere of this region and found that temperatures of 
600-800°C occur at depths of 40-70 km. In addition, from 
depth phases they determined a focal depth of 50+5 km for a 
1969 May 5 St Vincent aftershock. Therefore, a lithospheric 
depth of at least 50 km and a down-dip fault width W of at 
least 80 km should be in the brittle regime for a dip-slip 
(d ips  40") source fault. An average rigidity for the upper 50 km 
of oceanic lithosphere is F =  6.5 x 10" dyne cm-'. Fukao (1973) 
used a hypocentral depth of 33 km and p=6.0x lo1' 
dyne cm-' for modelling the St Vincent earthquake. 

Table 7(b) gives a range of possible faulting models of the 
Lisbon earthquake in the format of Table5, using the con- 
straints in M,,, W, and ji described above. As fault length L 
varies from 500 to 100 km for constant W=80 km, average 
slip increases from 4.8 to 24 m and static stress drop increases 
from 15 to 175 bar. The greater rigidity of oceanic lithosphere 
compared to continental crust means that smaller fault dimen- 
sions and average slip are needed in the oceanic setting to 

0 1996 RAS, G J I  126, 314-344 

Fonseca (BSSA 2020)
(partial) M 7.7 ± 0.5

macroseismic information originating from Portugal were
compiled by Sousa (1932) and Moreira (1984), and converted
to MMI by A. Paula (written comm., 1997). The Spanish data
were analyzed by Martinez-Solares and Mezcua-Rodriguez
(2002), who used the European Macroseismic Scale 1998
(EMS-98), and converted to the MMI scale prior to online pub-
lication by IGN. A small number of intensity data points in
Morocco were published by Levret (1991). This consolidated
dataset (available in the supplemental material to this article)
ranges from MMI III–IV to X, and is plotted in Figure 3. It will
be exploited in this article to constrain the magnitude of the
1755 earthquake. Intensities will be converted to real numbers
for analysis, with intervals of 0.5 intensity units (the original
datasets include intermediate MMI values, e.g., III–IV).

The method of Bakun and Wentworth (1997), hereafter
referred to as BW97, performs a grid search over a range of can-
didate epicenters using an intensity-based ground-motion model
I ! f "M; r#, in which M is the moment magnitude and r is the
epicentral distance. The method computes for each trial epicenter
(index k) and for each observed intensity (index j) the magnitude
value Mk

j that verifies Ij ! f "Mk
j ; r

k
j #, in which rkj is the distance

from epicenter k to data point j. The “intensity magnitude”
associated with trial epicenter k is then estimated as the average
magnitude Mk

I ! 1
N

PN
j!1 M

k
j , in which N is the number of data

points. The misfit function for trial epicenter k is estimated
from the dispersion of the associated Mk

j values, according to

EQ-TARGET;temp:intralink-;;320;219 εk !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!P
j
⌊wk

j "Mk
I −Mk

j #⌋2

P
j
"wk

j #2

vuuuut −min

8
>>><

>>>:

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!P
j
⌊l "Ml

I −Ml
j#⌋2

P
j
"wl

j#2

vuuuut

9
>>>=

>>>;
;

in which wk
j is a weight that depends on the epicentral distance

rkj (used to penalize distant observations) of the form

EQ-TARGET;temp:intralink-;;320;130 wk
j ! 0:1$ cos

"
π
2

rkj
rC

#
if rkj < rC ; wk

j ! 0:1 if rkj ≥ rC:

The parameter rC is set by the analyst. For each region
where the method is applied, a training set of instrumental

Figure 3. Macroseismic data used in this study. (a) Data points used in the
estimate of the magnitude; (b) outliers deviating more than two root mean
square (rms) residuals from the best fit to the ground-motion model of
Atkinson and Wald (2007) using the Martinez-Solares and Lopez-Arroyo
(2004) epicenter, which were not used in the estimate of the magnitude.
The outliers amount to 3.6% of the dataset, and include all the intensities
higher than modified Mercalli intensity (MMI) VIII. The black star shows the
preferred epicenter of Martinez-Solares and Lopez-Arroyo (2004). The
locations of the main Portuguese cities are shown by black squares in the
figure on the right, as well as the location of the Algarve (ALG) and Lower
Tagus Valley (LTV) regions were the outliers cluster. The data are available in
digital format in the supplemental material. See Data and Resources for
credits.
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Figure 10 shows the magnitudes and associated uncertain-
ties computed by Martinez-Solares and Lopez-Arroyo (2004)
from different isoseismal areas and reveals an unstable behav-
ior above intensity VI, with estimates raising from 7.99 at MMI
VI to 9.23 at MMI VIII. This may indicate that the Johnston
(1996b) regressions are not adequate at high intensities and
magnitudes. Indeed, inspection of the stable continental region
earthquake database used by Johnston (1996b) to derive those
regressions reveals that, out of its 96 earthquakes, only five had
magnitudes above 7.0, and, out of those five, only for one (the
1918 M 7.2 Nanao earthquake in southeast China) were iso-
seismal areas for intensities VII and VIII used. The estimate of
magnitudes aboveM 8 from isoseismal areas above MMI VI is
therefore an extrapolation, which may explain the unstable
behavior of the results. Magnitude values inferred from inten-
sities IV to VI arguably better constrained, are in agreement
with the estimate proposed here, but it must be noted that
Martinez-Solares and Lopez-Arroyo (2004) added a calibration
factor of !0:47 (not included in Fig. 10) to their averaged

result, following Johnston (1996a) (who actually used a smaller
correction of !0:32, derived from the 1969 M 7.8 Gorringe
bank earthquake data).

Figure 9. (a) Misfit function, 1755 earthquake, with rC " 1500 km, before
removing the outliers. The asterisk shows the location of the minimum
misfit, the diamond shows the MSLA04 epicenter and the star shows the
epicenter of the 1969M 7.8 Gorringe bank earthquake, after Fukao (1973).
(b) Misfit function, 1755 earthquake, with rC " 1500 km, after removing
the outliers. Symbols have the same meaning as in Figure 9a. See legends of
Figures 1 and 2 for details on the tectonic structures represented as dotted
lines. Gray straight lines depict the tsunami sources proposed by Gutscher et al.
(2006) and by Barkan et al. (2009). (c) Estimated magnitude MI for the 1755
earthquake, as a function of trial epicenter. The dashed line corresponds to a
misfit of 0.001 magnitude units, and the dotted line corresponds to a misfit of
0.01 magnitude units. Symbols have the same meaning as in (a). The rectangle
depicts the horizontal projection of a rupture area of 5000 km2, which
corresponds roughly to M 7.8 (Wells and Coppersmith, 1994), with a dip of
45° and a strike close to that of the Horseshoe fault (HSF in part b), high-
lighting how inadequate a point source is to model such a large earthquake.
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Strong trade-off: location vs magnitude.

No outliers Outliers

No outliers

Martinez Solares & Lopez Arroyo 
(JS 2004) 

M 8.5 ± 0.33



Trans-Atlantic tsunami

Tsunami deposits

Barkan et al (2009)

accurate as long as the modeled tsunami wavelength is much greater
thanwater depth and the wave amplitude is much smaller thanwater
depth. This principle holds up until the deep part of the continental
shelf. Consequently, this study is unable to provide definite run-up
results and only relative amplitudes can be taken into consideration.

The time step chosen for each simulation must meet the Courant–
Friedrichs–Lewy (CFL) condition (Courant et al., 1928) in order to
assure numerical stability. The CFL condition for explicit numerical
methods assures that the algorithm used for solving partial differ-
ential equations is convergent. For the COMCOT modified explicit
scheme, the largest allowable Courant number is 0.8660 (Liu et al.,
1998). Therefore, in order to assure stability the time step used in this
study never exceeded 3 s.

3.3. Tsunami amplitude

Twomethodswere used to reliably calculate wave amplitude. First,
the amplitude was calculated at depths of 250 m (see ‘shelf point’ in
Fig. 3), similar to ten Brink et al. (Chapter 7, 2007), in selected sites
along the U.S. East Coast, the Caribbean Islands, Europe, and Africa
(Fig. 2). This depth falls within the minimal wavelength to grid size
ratio (see Section 3.2 for detail), allowing for accurate propagation and
amplitude calculations. Second, a rectangular patch of different sizes
(Fig. 3) was chosen seaward of each location along the Atlantic,
Caribbean, African and European coasts (Fig. 2). The average
amplitude was calculated for all points within the depth range of
150 to 50m in each patch. The size of the patches varied depending on
the geographical locations where the amplitudes are measured. Along
the U.S. East Coast for instance, where the shelf is wide, larger patches
were selected to account for as many points as possible within the 150
to 50 m depth range. In the Caribbean, where the shelf is narrower,

smaller patches were sufficient to incorporate a representative
number of points in the same depth range. Although amplitudes
calculated at such shallow depths may be inaccurate in terms of their
geographical locations, averaging them out over a large area gives a
good indication of the wave amplitude in that particular region. This
method also verifies that the amplitude calculated at a nearby shelf
edge point of 250 m depth is not anomalous. Figs. 4a and b shows a
comparison between amplitudes calculated using the two methods,
from an earthquake source located in location 8 (Fig. 3). Indeed, the
average amplitudes calculated in the patches in the shallower water
show similar or higher amplitudes in comparison to the ones
calculated in the slightly deeper shelf edge points, as one would
expect from the amplification effects of shallow waters.

3.4. A method to overcome unreliable historical reports of run-up
observations

Caution must be exercised when using historical reports in order to
compare between possible epicenter locations. Table 1 shows the
variability of run-up amplitudes in historical reports, particularly in the
Azores, Madeira, Lisbon and Tangier. It is therefore impossible to
compare ourmodel results to individual run-up reports. Moreover, run-
up amplitudes are highly sensitive to the near shore bathymetry and
onshore topography whereas, because of the model limitations
discussed in Sections 3.1 and 3.2, amplitudes were calculated at a
water depth of 250 m. We therefore grouped together places in the
Caribbean, along thePortugueseandMoroccancoast, inMadeira and the
Azores, as locations representing consistent reports of high amplitudes.
Earthquake sources generating high tsunami amplitudes in those
locations are therefore assigned as a good fit to the 1755 Lisbon
earthquake epicenter. Similarly, we joined together places along the U.S.

Fig. 2. Locations of run-up reports in Table 1 (red circles) except for Itamaraca and Tamandare (located in Brazil). Also shown are locations along the U.S. East Coast and Spainwith no
historical reports (open red circles). Rectangles represent patches used to calculate average tsunami amplitudes on the shelf (see Section 3.3 for explanation). Asterisks indicate
points where average amplitudes over 360° weremeasured (see Section 5.2 for explanation). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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bias is particularly relevant in the case of the Atlantic Ocean basin, 
where widespread tsunamis are rare. Consequently, it is not surprising to 
see the major events are much better represented in Atlantic coastal 
stratigraphic sequences in comparison to smaller, lower-amplitude 
events. Notwithstanding, particularly on account of the low recurrence 
of tsunamis in the Atlantic, the geological record is the key data source 
to establish long-term recurrence periods and estimate the intensity of 
past events. 

Tsunamis in the Atlantic are a relatively rare phenomenon compared 
to other natural events affecting its coastlines, such as hurricanes, storms 
surges and floods. Nevertheless, tsunami deposits have been described in 
several locations in the Atlantic Ocean basin with some of the seminal 
works on tsunami sediment identification being based on locations on 
the shores of Scotland (e.g. Dawson et al., 1988), Norway (e.g. Bondevik 
et al., 1997) and Iberia (e.g. Dawson et al., 1995). These deposits, 
namely those associated with the Storegga and the 1755 Lisbon tsu-
namis, have been extensively studied and are viewed as textbook ex-
amples of multidisciplinary approaches used to reconstruct past tsunami 
events. Other regions of the Atlantic (e.g. Azores, Svalbard, etc.) have 
been impinged by historical or contemporary tsunamis. However, their 
sedimentological imprints are either not preserved or are yet to be 
identified. For this reason, these events and locations are not described 
in this work. 

Quaternary tsunami events in the Atlantic are generated by different 
types of geological events (i.e. earthquakes, landslides and volcanoes). 
These mechanisms are capable of triggering major tsunamis affecting 

coasts around the Atlantic basin, as outlined by ten Brink et al. (2014), 
which could leave a conspicuous sedimentological imprint. Apart from 
the meteorite-induced tsunami related to the formation of the Chicxulub 
crater on the Yucatán peninsula at the Cretaceous-Palaeogene boundary 
(e.g. Smit et al., 1992), which left massive sedimentary traces in some 
parts of the wider Caribbean basin (e.g. Goto et al., 2008), we do not 
consider this trigger mechanism further, due its rarity and the fact that 
such an event has never been witnessed in human history (Kelletat, 
2003). Moreover, we also did not consider the contentious and contro-
versial meteotsunami events because of its negligibility in terms of 
tsunami deposits. Therefore, here we present a detailed review on de-
posits generated by tsunamis of more common origin, such as those 
triggered by earthquakes (e.g. 1755 Lisbon tsunami) and submarine (e.g. 
1929 Grand Banks, 8200 cal yrs. BP Storegga) and subaerial slides 
(including flank collapses) that enter water bodies that both trigger the 
tsunami (e.g. Fogo). Nonetheless, commonly when compared to 
earthquake-triggered tsunamis, slide-induced tsunamis tend to have 
very high amplitudes in the near field, but the energy dissipates rapidly. 
Such tsunamis essentially affect coasts only at a regional scale and do not 
seem to have the potential of far-field effects, which might limit the 
spatial distribution of their deposits. 

Over recent years, tsunami events have been compiled based on 
instrumental and historical data. Some of these compilations contain 
relevant information on tsunami deposits. Catalogues are necessarily 
brief and sometimes incomplete, but they provide a good starting point 
to analyse tsunami deposit distribution, both at a global and at an 

Fig. 1. Overview map of the onshore deposits along the Atlantic coasts described in this work. The basin was subdivided in four regions that are detailed below. 1a - 
Iberia and Morocco, 1b - NE Atlantic, 2 - Equator to 30◦ North, 3 - Caribbean. Symbols locate the tsunami deposits and identify tsunami generation mechanisms 
responsible for deposition. Further details on Table 1. 
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In addition to evidence for the Storegga tsunami across the Shetland 
Islands, detailed sedimentological work by Bondevik et al. (2005b) and 
Dawson et al. (2006) revealed two other tsunami units that were initially 
attributed to more recent submarine slides. One of these events, detected 
in Basta Voe and dated of 1500 cal yrs. BP, was characterized as a fine- 
medium sandy unit sandwiched in peat, with frequent bimodal distri-
bution and with a clear marine diatom assemblage. In two coastal lakes 
and associated bogs on mainland Shetland, deposits from another 
tsunami dated to ca. 5500 cal yrs. BP were also detected. The sediment 
facies were similar to those of the Storegga tsunami. To date, it was not 
possible to assign these two younger events to a particular causal 
mechanism and source. 

Most archipelagos in the northern North Atlantic provide evidence 
for Storegga tsunami inundation leaving a sedimentary imprint in the 
coastal landscape. In the Faroe Islands, the tsunami unit associated with 
the Storegga slide was recognized in a coastal lake situated 4 m a.s.l. on 
the island of Suðuroy (location 4,; Grauert et al., 2001). The authors 
identified a major erosional and depositional event within the lagoonal 
stratigraphy. The (re-)deposited sediment ranges from sand and sandy 

gyttja with marine shell fragments and foraminifera, to gyttja with rip- 
up clasts, wood fragments and thin sand layers. Diatom analysis indi-
cated that the deposit contains 5–8% full marine species, decreasing to 
1–2% in the undisturbed lacustrine gyttja above. The tsunami waves 
deposited two generations of sand overlain by organic conglomerates, 
after which a unit of suspension material and normal lacustrine gyttja 
followed (Grauert et al., 2001). A 2.73 m long sediment sequence from 
Loon Lake (East Greenland - location 2, Fig. 2), located at 18 m a.s.l., was 
recovered by Wagner et al. (2007). The sequence mainly consists of fine- 
grained homogeneous sediments, which are interrupted by a 0.72 m 
thick sandy horizon with an erosive basis and distinct fluctuations in the 
grain-size distribution. According to radiocarbon dates, this sandy ho-
rizon was deposited after 8500–8300 cal yrs. BP and was interpreted as 
originating from the Storegga tsunami. Work by Long et al. (2015) 
provides sedimentary evidence for a Mid-Holocene tsunami in western 
Greenland coastal lakes (location 3, Fig. 2) likely generated by an 
iceberg collapse. Here, an anomalous marine sediment unit is described 
with erosive lower contacts and attributed to the ability of disintegrating 
ice masses to generate locally large waves in topographically restricted 

Fig. 5. Mosaic of field photos and micro-CT image from tsunami deposits associated with the Storegga tsunami in Scotland. In this figure it is possible to observe the 
internal structure of the deposit allowing interpretations on inundation phases and flow dynamics. A) Photo of the tsunami deposit at Maryton, Montrose Basin. The 
tsunami is represented by a clear grey, heavily iron-stained silty fine sand, sandwiched between darker peat units. The top and base of the deposit are clearly defined. 
This is the first key site studied in detail in Scotland, visible in a coastal cliff section. B) Photo of the detail of the same deposit at Maryton, but to landward ca. 500 m 
from the section at A. The deposit is a coarse sand unit within the uplifted estuarine silts. There is a very clearly defined lower boundary and a series of flame 
structures where the coarser sediments are injected into the finer silts and clays that are no more than 1–2 cm in thickness. C) Photo of the tsunami deposits in Yell, 
Shetland. Here at Whale Firth the tsunami is very clear within the low-coastal bluffs close to sea level sandwiched within the blanket peats. The tsunami deposit, a 
coarse micaceous sand, up to 25 cm in thickness, but locally variable, can be traced continuously along the coastal section for 200 m. D) Photo of the tsunami deposit 
detail at Whale Firth, Yell in an undisturbed russian sediment core. The sharp erosive lower boundary is evident and a more diffuse change at the top of the deposit - 
seen where the woody stems are present. This deposit at Whale Firth is enclosed by tree stems and branches of birch. E) Photo of the continuation of the deposits at 
Whale Firth. The variability in relation to the underlying topography is clear with a thinning and widening along the length of the section. F) Micro-CT image of a box 
core taken from the sediment section at Whale Firth. A clear fining can be seen from the base to the deposit. G) Photo of tsunami deposits at Maggie Kettle’s Loch, 
Sullom Voe, Shetland. Here, a unique section is exposed and exhibits remarkable peat intraclasts (up to 15 cm diameter) in the seaward area of the section. A very 
clear baseline to these intraclasts is seen with cleaner grey coarse sands below. H) Photo detail of the peat intraclasts at Maggie Kettle’s Loch, Shetland. These 
represent the backwash of the tsunami waves as they are imbricated to seaward. I) Photo of a sediment core tube of the complexity of the tsunami deposit at Maggie 
Kettle’s Loch, Shetland. Two peat intraclasts are seen and the chaotic arrangement of coarser sands and gravels surrounding the peats. There is clear evidence of 
inverse grading above the red handled knife. This sequence is 30 cm thick. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article. 
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Fig.4b. Source model: N160N135. Legend as in Fig 4a. 

In order to test the hypothesis of the existence of an 
incipient subduction zone located along the western Iberian 
margin several other tests were made with sources almost 
parallel to the coast and larger dimensions as it is the case of 
the source N160 corresponding to a tsunami source area of 360 
km (NS direction) x 120 kin (EW direction). This type of 
source produces travel times compatible with the ol~nved 
travel time, although the wave heights obtained along the gulf 
of C az!_iz and north Morocco are still smaller than expected. 
(c.fBaptista et al, 1996). 

Finally a more complex source is proposed following the 
results obtained with the my tracing simulations, including 
two rupture areas oriented N160 and N135, (see Fig. 4). The 
choice of the scmrce location and source ~ was 
mainly constrained by the geomorphological analysis of the 
area. This source extends from the Estrenmdma Spur to the 
region of the Guadalquivir bank. The orientation and the 
dimensions of both tsunami source areas (260 km x 100 krn 
and 160 x 135 kin) a~ures large wave heights along llleria 
and Morocco. The results of the shallow water simulation are 
pre~,nted in Figure 5. 

5 Conclusions 

The backward my tracing results show that the Gorringe bank 
is unlikely to be the source area of the 1755 Lisbon event, and 
suggests an L-sbaped source between the Gorringe bank and 
the Iberian Peninsula. The shallow water sim.lation results 
obtained for source N55, together with the my tracing results 
suggest that the Gorringe bank is a very unlikely location of 
the source of the 1755 event and that the 1755 was prot~ly 
generated by a different mechanism that the 1969.02.28 event. 
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The source N160/NI35 implies tmderthrnsting between 
the Gomnge Bank and Ibcria and underthru~ng at the 
south lborian Margin; these convergence zones should be 
connected by a strike slip fault to be kinetically consistent. 

2O 

10 ' "  :" " 
C :' ." ,': ,f' 

_~o ~ c ~  ~ 

1rime (ml.)  

Fig. ~ .  R~ul~ from fl~llow w ~ t  shnul~om ~ n ~  with N5 5. Time 
~olution of water hvight at the model statiom. 

2Q 

ts 
c a ~  

20 ~ ; .~ ;;o ,~0 ,; . . . .  
• m Im~n) 

I1~ ~ As Fig. 5a f~, ~ NI~0NI35. 

Acknowledgments. Suggatiom made by two anonymons tevicw~ w c x c  
to h~,,v¢ the p~t.This research was partially famamcd by the 

Comi~on oftl~ European Cocmmndti~ under Contracts EVSV-Cr92-0175 
(Project GITEC) and ENV4-CT96-0297 (G rwo).  

References 

A t m m ~  J.M., Oliv~ J~ Charv~ J., l_~ Iam~ A., Lc Pidm~ X., Mont¢~, 
J., Nicol~, A., ~ ,  A., Smnpling and oi~avation of oceanic mantle 
ond cn~t on Cmni~p Baank, Nature, 273, 45-4g, 1978. 

IL, Reliable ~imat i~ of the w mom~ ofla~g~ e ~ i m & ~ , J .  
Phys. Earth, 23, 381-390, 1975. 

Arroyo, A. L., Udias, A., ~ sequence and focal i~'~actm's of the 
Fdxu~ry 28, 1969 ~ of the Azores Oibraitar fracture zone. Bull. 
Seism. Sot:. of  Am., 62,3, pp 699-720, 1972. 

Baptis~ M.A., Hoitor, S., Mond~ Victor, L.M., Histori~l roviow of the 
1755 Liabon taun~ai. Evaluation oftl~ tmuami lnwamet~. Procceedmg 
of XXIVGeneralAssembly of the European Seismological Commission, 
vol.3, i0p 1790-1796, 1995. 

l~ptista, M.A., Miranda, P.M., Miranda, J.M., Monde~ Victor, L.M., 
Contralto on the source of the 1755 Lisbon tsunami inferred from 
numerical modelling of historical data. Submitted to Journal of 
Geodynamws, 1996. 

Fuako, Y. Thrust faulting at a lithosphcric plate boundary. The Portugal 
earthquake of 1969. Earth and Planet. So. Lett., 18, pp 205-216, 1973. 

C~lbis Rochiguez, Catdlogo slsmwo da zona compreendida entre los 
merMianos 5E • 20W de Greenwich y los paralelos 25N y 45N, Tomo I, 

Numerical Modeling of Tsunami Data 

written between 1755 and 1759 (Baptista et al., 1995). The 
parameters used in the present study are: the travel lime, the 1~  
run up heights, and the polarity of the first wave. The travel 
time dam set used in this study was olXained from historical ~ 
reports assuming: (1) that the origin time of the 
coincides with the time of the generation of the tsunami and 140C 
(2) that all times, found in coeval sonrces al~ local solar limes. 
The error bounds allributed to the arrival times (see Table 1) 
were estimated from all the available desoriptions of the 1755 1~ 
event at each location (see ~ et al., 19%). The 
incertitude in the knowledge of the exact lime of the ~ ~ 
eartlglu~e will not strongly affect the determination of the 
source location as the speed of a tsunami wave is 
approximately 10 to 15 less than the speed of the seismic 
waves (for water depths of the order of 2500 meter the tsunami 
SlXXXt is approximately 150 m/s). soo. 

TaMe 1, Comparison of observed and simulated tsunami data 

Travel time Mag height N55 N160N135 
Tide ~ t ion  

=~error (m) (nm) (min) 
(rain) 

Figueira 45± 10 -** 

Oeiras 25 ± 10 >5 43 22.6 

S. Vicerae 16 ± 7 >10 43 21 

Cadiz 78 ± 15 15 8g 70 

Maddra 90± 15  4 70 81 

Sail 26-34* >6 85 70 

Tsunami  ob=e~a t i on  points -1756 
lS6S Epicenter  

fi~iihi#U[i 

,iil "N 
1 ~  $ ~ 

* obs~vcd lrav¢l time from Sail it is not rdishl~ Co¢~e sour~s from Morocoo me 
n~ available. 

**rim up height was not tepoa=d in hism6ml doc tm- ,~  

The values presented in Table I were used as absolute travel 
times m spite of the fact that the exact lime of the earthquake 
is not precisely known; also the speed of a tsunami wave is 
about I0 -15 times less than the speed of the seismic waves 
(for water depths of the order of 2500 meter the tsunami speed 
is approximately 150 m/s) so the incertitude in the time of the 
earthquake will not affect significant the determimtion of the 
source area location. The error bounds atm~atcd to the arrival 
times (see Table 1) were estimated from all the available 
descriptions of the 1755 event at each location (see Baptista 
et al., 1995). The location of the stations shown in Table 1 is 
presented in Fig. 2. 

400- 
,,p 

)0 1200 1400 1600 "1800 2000 2200 2400 
km E 

Fig. 2. Tsunami observation points for the 1755 event. Also shown the 1969 
~ieenter. Tramvetse M~reator Proj~tion. 

The numerical model used to locate the som~ area 

perturbation ~ the 1o~ linear wave a p p r o ~  leading 
to a simple comtxa~on of the wave speed, as a function of 
the oc=n dcpt~ given by c = ,J~, where c is the wave 
speed, g ~s tl~ acceleralion of gravity and h is the ocean depth 
at each point (x,y). Using the predicted value of the wave 
speed the model proceeds to compute the ray path (c.f. 
Wcisscrt, 1990). The model is used, in this study, to compute 
the location of the tsunami source, given a set of amval points 
and the eoneuponding travel times. A backward travel time 
map is c o ~  taking the fide gauge network as origi~ For 
each map, the contour line conesponding to travel time equal 
to zero defines a set of possible source location for each coastal 
statio~ Using all line sources it is possa'ole to define a finite 
region that should contain the tsunami source (c.f. Baptista ct 
aL, 1996). In order to deal with errors in both data sets (travel 
times and bathymet~)it was necessary to estimate an error 
bound for each "tide station" and the line sources are replaced 
by the band sources. Two dilfemut methodologies were used to 
proceed from the set of band sources to the source location: the 
area ¢ 'hminafion (Fig. 3a) and the minimum absolute error 
(Fig,3b). The first method uses the fact that for each 
observation point them is a forbidden area which is too close to 
that point, those areas are automatically c 'lnninated and the 
remaining areas define the possible source location and its 

extension (shaded areas in Fig.3a). The second 
method treats all grid points as possible source point% inthis 
case the travel time correslx~ls to the arrival lime at that 
point Taking into account the assumed error bound an arrival 
lime error matrix was computed and the source location was 
found by average error minimisalion. The most probable 
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Marine geophysics: The offshore faults

Single faults:
• Gorringe (Machado 1966)
• Marquês de Pombal (Zitellini et al, 1999)
• Gibraltar arc system (Gutscher, 2006)

Multiple rupture fault:
• Marquês de Pombal + Guadalquivir (Baptista et al, 2003)
• Marquês de Pombal + Pereira de Sousa (Terrinha et al, 2003)
• Offshore + LTV (Vilanova & Fonseca, 2003) 
• Horseshoe + SWIM1 (Rosas et al, 2016)
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Table 1. Tsunami arrival times and wave heights used in this study

Location Coordinates Wave height (m) Travel time (min)
and estimated error

Portuguese west coast
Porto 8.18�W,41.15� N 1 —

Figueira da Foz 8.88�W,40.14� N — 45–50
Lisboa (Oeiras) 9.08�W,38.73� N 5 25 (estimated error±10)
Cabo S Vicente 8.99�W,37.00� N > 10 16 (estimated error±7)

Gulf of Cadiz
Cadiz 6.30�W,36.05� N 15 78 (estimated error±15)
Huelva 6.93�W,37.25� N — 45 (estimated error±10)
Ceuta 5.32�W,35.88� N 2 —
Gibraltar 5.35�W,36.15� N 2 —

Madeira Islands
Madeira 16.88�W,32.63� N 4 90 (estimated error±15)
Porto Santo 16.16�W,33.06� N — 60 (estimated error±15)

Cornwall (UK)
Penzance 5.53�W,51.52� N 2 315
Newlyn 15.56�W,50.10� N — 279
Plymouth 4.15�W,50.31� N — 390

Morocco
Safi 9.33�W,32.30� N — 26–34 (estimated error±20)

Table 2. 1755 Tsunami run up amplitudes in the West Indies used
in this study

Observation point Run up (m)
Antigua (61.80�W,17.05� N) 3.7
Barbados (57.62�W,13.08� N) 1.5

Barbados Carlisle Bay 0.8
Dominica (61.33�W,15.42� N) 3.7
Saba (63.23�W,17.63� N) 6.4

St Martin (63.07�W,18.07� N) 4.5

he says [...] “Since I wrote this I have taken a more particular
account of the flux and reflux above mentioned from an ob-
serving man of this Island who remarked that here it began
at half an hour after three in the afternoon... and flowed ev-
ery five minutes, five feet perpendicular till as much after six
without any violent disturbance on the surface of the water
[...]”. A report published in 1895 in the Barbados Avocate
journal (Shepherd, Pers. Commun., 2001.) refers the 1755
event: “[...] The water flowed in and out the harbour with
such a force ... and caused the fish to float on its surface and
drove many of them up on dry land [...]”.
The travel time presented by Baptista et al. (1998a) and

Mader (2001) is 472 min. Lander and Lockridge (1989),
Lander et al. (2002) and Mader (2001) present similar run
up values for the West Indies (see Table 2).
As we had no access to Caribbean coeve reports the data

presented in this study is a summary from Lander and Lock-
ridge (1989), Lander et al. (2002) and Mader (2001). Ac-
cording to Mader (2001) local bathymetric effects can pro-
duce large run up heights.
Shepherd (2001) presents a systematic review of the West

Indies historic data, concerning the 1755 event, concluding
that the average amplitude in the area may be evaluated as
2–3m and that no damage or casualties were reported.

3 Investigation of the tectonic source

The first MCS profiles were carried out in 1992 (AR92 lines)
(Sartori et al., 1994; Zitellini, 1999). One of the major results
of the above investigations was the discovery of compressive
tectonic structures of regional significance related to Europe-
Africa plate convergence. These studies have shown that the
most intensively deformed region encompasses the Gorringe
Ridge, the Ampere and Coral Patch sea mounts, the northern
part of Seine plain, the SW continental margin of Iberia and
the area of the Gulf of Cadiz (Sartori et al., 1994). The defor-
mation is active, neogenic in age, and is mainly expressed as
long-wavelength (ten to tens of km), large amplitude, folds
in the sediment cover. One of the AR92 lines crossed a
large tectonic which was thought to be the source area of the
1755 Lisbon Earthquake (Zitellini et al., 1999). This struc-
ture was successively called Marquês de Pombal by Zitellini
et al. (2001).
The following MCS survey (BIGSETS line, Fig. 2)

showed, beside Gorringe Bank and Marquês de Pombal, the
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Duarte et al (2011)

Tortonian34 and caused the reactivation of major Mesozoic
extensional faults3. These data also allowed identifying the pre-
sence of the Horseshoe Abyssal plain Thrust (HAT), a deep thrust
fault located in the HAP, away from any well-established
subduction zone.

The deformation resulting from the present-day NW–SE
convergence (3.8–5.6 mm/yr)−1 is mainly accommodated by two
types of active faults. The first includes regional NE–SW trending
thrusts, such as the HAT30, the GB Fault (GBF)9,32 or the Mar-
quês de Pombal Fault (MPF)24,25, whereas the second comprises
large west northwest-east southeast trending dextral strike-slip
faults (i.e., the South West Iberian Margin (SWIM) faults)28, such
as the so-called Lineaments North and South3,35,36 (LS) (Fig. 1).
According to Martínez-Loriente et al.30, the SAP and GC oceanic
basement domains are separated by the LS strike-slip fault,
whereas the GC and GB domains are limited by the HAT. This
means that the HAT separates exhumed mantle rocks (NW) from
oceanic lithosphere (SE) (Figs. 1 and 2).

In this work, we show that the HAT has the dimensions,
geometry, and fault-rock bulk properties required to explain
the deep regional seismicity, and that it has the potential to
generate earthquakes as large as the 1755 Lisbon one. In
addition, we have performed tsunami simulations to show that
the HAT source can generate transatlantic tsunamis with
characteristics compatible with those referred in historical
records of the 1755 event. Finally, we discuss the regional and
global implications linked with the presence of this deep thrust
and the bulk-rock properties in terms of seismic and tsunami
hazard assessment.

Results and discussion
Origin of deep seismicity offshore SW Iberia. The seismic
activity in the study area mostly concentrates north of the LS,
between the Gorringe and Guadalquivir banks (Fig. 1). Regional
micro-seismicity recorded by temporal networks of Ocean Bot-
tom Seismometers (OBS)6–8 has allowed identifying three main
seismicity clusters located in the GB, HAP, and Sao Vicente
Canyon (SVC)8 displaying a combination of thrust and strike-slip
focal mechanisms. These events, which concentrate at upper
mantle depths (i.e., between 30 and 60 km depth), appear to be
associated with inverted rift structures identified at the transition
zones between the different rheological domains that localize
regional stresses and hence seismic strain.

Previous works on the 1755 earthquake have proposed a
number of candidate sources for this event, such as the GB9,
MPF11,22,24,25, the subduction beneath Gibraltar26, the SWIM
strike-slip faults28, Horseshoe Fault24, São Vicente Fault24 or
some composite systems22,24. However, due to either their
limited surface areas, their locations and geometry, or both, they
do not appear to be capable of accounting for the large seismic
moment, the overall reach and energy pattern of the tsunami, as
well as the historical recorded amplitudes and arrival times.
Among all the proposed candidates, the only tsunami simulation
considering far-field observations27 favours a source location in
the HAP area.

Almost all existing studies of the 1755 event rely on the
comparison with two of the largest recent earthquakes occurred
in SW Iberia, the first on 28 February 1969 (Mw 7.9)15,37 and
the second on 12 February 2007 (Mw 6.0)5,38 (Fig. 1 and

Fig. 2 The Horseshoe Abyssal plain Thrust (HAT) 3D scheme. The 3D regional tectonic and stratigraphic cross-section along profile P1 (located in Fig. 1)
showing the geometry of the HAT and the projection in depth of the 1969 Mw 7.915,37 and 2007 Mw 6.05,38 earthquakes (Supplementary Table 1).
Serpentinization degree is indicated as gradation of colour.
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 221 

Figure 4. Conceptual model for the present-day combining the knowledge obtained from both the 222 

natural prototype and the results of the numerical models. A delaminating block could reproduce the 223 

structure observed in the tomography model. The serpentinized layer decouples the crustal deformation from 224 

the one occurring at deeper lithospheric levels, giving rise to a flake-like structure, forming the south-dipping 225 

Gorringe thrust and the north-dipping fault associated with the 1969 earthquake. 226 

 227 

It is important to note that, although our model fits a number of observations, we cannot 228 

fully rule out alternative scenario25,30,31, involving ongoing subduction initiation with the 229 

development of a proper slab. Notwithstanding, in such scenarios, the 200 km deep block 230 

imaged by the tomography is difficult to reconcile with the relatively low amount of shortening 231 

observed at crustal levels.  A more complex structure is necessary to explain the observations23. 232 

A previous work25 has detected a potentially buried sub-crustal structure below the Horseshoe 233 

Abyssal Plain, which has been interpreted as a SW dipping thrust fault. However, the profile 234 

intersects the structure near one of the major strike-slip fault systems, and it is unclear how this 235 

would affect their model/interpretation. We would argue that it is ambiguous to interpret the 236 

three-dimensional structure at such a fine scale in a zone of fault confluence. Further work is 237 

Duarte et al (2025)

Possibly a multiple fault rupture.

Horseshoe plain:
• “Horseshoe plain” (Barkan et al, 

2009)
• Horseshoe Abyssal Thrust 

(Martinez Loriente et al, 2021)
• “Hidden north dipping thrust” 

(Duarte et al, in press)

? (Blanc 2008)



Summary I: The 1755 earthquake

• Historical observations have limited accuracy; revision is needed.
• Reconciling datasets:

• Macroseismic ground motion:
• Complexities in the near (local effects) and very far field (other earthquakes).
• Location: SW Iberia margin plate boundary.
• Magnitude: M 7.7 (partial) - 8.7.
• Multiple fault rupture: Suggested by duration (3x, 7-15 min) and complexity of intensities.

• Tsunami:
• Complexity in the near field (observational, multiple rupture).
• Very large tsunami: Very shallow slip (Tohoku-type), low vrup tsunami earthquake, …

• Seiches & swinging of suspended objects throughout Europe:
• Strong long-period surface waves: Shallow strong earthquake?

• Marine geophysics:
• No surface rupture imaged so far by marine geophysics.



Part III

Beyond the 1755 earthquake 

Seismic hazard and risk 
of the SW Iberia plate boundary



SW Iberia Plate Boundary

Figure 13. Preferred model. (a) Long-term horizontal velocity field. (b) predicted long-term fault heave rates (see Table 5).
(c) scalar strain rates. Per construction, these are predicted long-term permanent strain rates (nonelastic), equivalent to the
nonrotational portions of the velocity gradients. Symbols indicate the predicted type and orientation of conjugate
microfaults, with area proportional to strain rates.
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Figure 10. Sketch of the major kinematics and tectonics features of the Nubia-Eurasia plate boundary derived in this work. Deformation rates are
in mm yr−1.

of WNW–ESE to NNW–SSE Cretaceous grabens that extends from
the Pelagian Shelf to the Sirt Gulf and onshore Libya (Jongsma et al.
1985; van der Meer & Cloetingh 1993). On the contrary, along the
Pantelleria-Linosa rift system, seismicity is scarce to absent, with
the exception of a few strike-slip events near the island of Malta.

The velocity of Lampedusa (LAMP and LAMO stations) indi-
cates a partially independent motion of the Pelagian domain with
respect to the Nubian plate (Fig. 7). The GPS velocity cross sec-
tion number 5p (Figs 8 and 9), which is perpendicular to the NW–
SE trending strike-slip seismic belt and to the Strait of Sicily rift
system, constrains the active deformation in this region, where
seismicity cannot provide a clear picture. The profile-normal GPS
velocities (profile 5n in Figs 8 and 9) show a right-lateral motion of
1.7 ± 0.8 mm yr−1 between stable Nubia and Lampedusa, which is
in agreement with the observed seismically deforming belt running
through Libya, west of the Sirt Gulf. The profile-parallel GPS ve-
locities identify a NE-SW oriented extension between Lampedusa
and Sicily, that reaches its maximum between LAMP and NOT1,
of the order of 1.5 ± 0.5 mm yr−1. The observed extension can be
associated with the activity of the Sicily Strait rift system, where
high heat flow (Della Vedova et al. 2001) may cause deformation to
occur aseismically.

Sicily and Southern Tyrrhenian Sea

GPS velocities located on land Sicily (i.e. NOT1, MILO and
MIL0 stations) indicate that this domain is moving relative to the
Nubian plate (Fig. 7), thus suggesting a microplate like behaviour of
Sicily, in agreement with the presence of a decoupling zone corre-
sponding to the distributed deformation between Tunisia and Sicily
described in the previous paragraph. In the Southern Tyrrhenian
Sea shallow seismicity is well clustered along an ∼E–W trending
belt, running between longitude 11◦E and 15◦E (Figs 2 and 3), and
displays seismotectonic features that are similar to those observed
along the northern Algeria segment of the plate boundary. East of the
central Aeolian islands (roughly corresponding to the Salina-Lipari-
Vulcano lineament) shallow seismicity becomes almost absent and
deep earthquakes (Fig. 2) are present along an approximately contin-
uous NE–SW striking and NW-ward dipping narrow Benioff plane,
that can be followed down to about 600 km (Wortel & Spakman
2000; Piromallo & Morelli 2003; Chiarabba et al. 2005).

Focal solutions of shallow earthquakes offshore northern Sicily
are highly consistent, and outline a narrow compressive belt, with

P-axes oriented from N–S to N20◦W, in agreement with the mo-
tion of Sicily with respect to Eurasia, which differs from the motion
of the Nubian plate as clearly shown in Fig. 4c. The GPS veloc-
ity profile 6 (Figs 8 and 9) shows that no active shortening is oc-
curring between NOT1 and ALCD, in agreement with earthquakes
distribution in Sicily and observations of Late Pleistocene sedi-
ments sealing the thrust front (Argnani 1987; Patacca & Scandone
2004). Although some younger out-of-sequence thrusting has been
reported on land (Lickorish et al. 1999), the distribution of avail-
able GPS stations may not be able to catch this deformation. On
the contrary, GPS data (Fig. 8) show that 2.1 ± 0.6 mm yr−1 of
the NW-ward drift of Sicily (occurring at ∼4 mm yr−1) are accom-
modated across the southern Tyrrhenian seismic belt. The residual
shortening, corresponding to 2.3 ± 0.5 mm yr−1, is likely to be
accommodated northward, between Ustica (USTI station) and the
Corsica-Sardinia block. Although few compressive earthquakes are
present in the southern Tyrrhenian basin (e.g. offshore northeast-
ern Sardinia, Fig. 4a), active thrusting has been observed offshore
Liguria (Larroque et al. 2001), suggesting that compression may be
transferred northward across the rigid Tyrrhenian block. Although
this result is principally based on the non-permanent GPS stations at
Ustica, it is worth noting that its velocity is well constrained, being
obtained using data from nine different surveys between 1994 and
2003 (see Serpelloni et al. 2002 and Serpelloni et al. 2005 for more
details).

The central Aeolian region marks an abrupt change in both GPS
velocities and seismotectonics (Pondrelli et al. 2004b). East of the
Alicudi Island (ALCD station), in fact, velocities undergo a progres-
sive clockwise rotation (Fig. 6b), that in Calabria turn NE-ward.
Moreover, a high velocity (i.e. ∼50% larger than the most rapid
surrounding stations FILI, ALCD and PACE) characterize the Is-
land of Vulcano (VULC) and comparable rates and directions are
also observed in northeastern Sicily (Hollestein et al. 2003). These
‘anomalous’ velocities, (significantly higher than the predicted plate
convergence rate), are likely due to a superposition of effects related
to the presence of a complex tectonic framework accommodating
the continental collision-to-subduction transition (D’Agostino &
Selvaggi, 2004; Goes et al. 2004; Pondrelli et al. 2004b; Govers
& Wortel 2005).

East of Alicudi, thrust mechanisms do not prevail (Fig. 4a),
while extensional to strike-slip mechanisms occur along a nearly
NNW–SSE alignment, which connects the central Aeolian Islands to
Mount Etna, and continues toward the south along the eastern Sicily

C© 2007 The Authors, GJI
Journal compilation C© 2007 RAS

Serpelloni et al, 2007

Individual differences between modeled and geodetic velocities were calculated and inverse weighted by
the datum standard deviation. No area weighting was applied. The square root of the mean weighted square
difference is assumed as the geodetic misfit, gps (in units of mm/yr).

7.2. Most Compressive Stress Directions

A second misfit test evaluates the accuracy of predicted stress orientations. We built an initial data set of the
most compressive principal stress directions (SHmax) by gathering (1) focal mechanisms compiled from sev-
eral sources by Custódio et al. [2016]. These were used to compute SHmax and a quality rank was ascribed,
following the guidelines provided in Zoback [1992] for the World Stress Map Project; and (2) all other types
of stress indicators available in the World Stress Map database [Heidbach et al., 2008], with the exception
of focal mechanisms (including well bore breakout orientation, hydraulic fracturing, and geological fault slip
data). This data set is represented in Figure 5a and provided in Data Set S6.

Figure 4. Input scoring data set: GPS residual velocities with respect to the Eurasia tectonic plate, calculated using velocities estimated at SEGAL (http://segal.ubi.pt/)
for 232 permanent stations and 18 episodic stations. Provided as Data Sets S4 and S5. For each experiment two independent scoring evaluations were performed:
considering the whole modeled region (ALL) and considering only elements inside the RoI box (see section 7.5).

Table 2. Parameter Space Investigated in This Work, for Each Geodynamic Settinga

Plate Configuration poleBC Parameter Minimum Maximum Step Number of Experiments

2plates SEGAL2013 FFRIC 0.025 0.500 0.025 20
MORVEL FFRIC 0.025 0.500 0.025 20

3plates SEGAL2013 FFRIC 0.025 0.500 0.025
vbcAL 0.0 6.0 0.5

TAUMAX 1.0 10.0 1.0 2600

MORVEL FFRIC 0.025 0.500 0.025
vbcAL 0.0 6.0 0.5

TAUMAX 1.0 10.0 1.0 2600
apoleBC: Africa-Eurasia Euler rotation pole used to define side boundary conditions in AF edge nodes; FFRIC: fault fric-

tion coefficient; TAUMAX: maximum vertical integral of traction in the subduction zone; vbcAL: magnitude of the west
directed surface velocities imposed in internal AL nodes.
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• NW-SE oblique convergence.
• Wide region of deformation.

Plate convergence

Nocquet et al, 2006

Strain rate

GNSS velocities
(EU fixed)

Duarte et al (2011)

(as noted by Spakman and Wortel (2004) and Garcia-Castellanos
and Villaseñor (2011)). Specifically, the anomaly under the Alborán
is present at depths as shallow as 50 km (i.e. at depths below the
surface plate) with amplitudes greater than 4%, while the anomaly
under southern Spain is small and weak at a depth of 75 km, and
does not attain the magnitude of the Alborán arm until depths of
160 km. The two arms appear to be separated by a narrow vertical
gap at depths shallower than 125 km. At this depth, the Alborán

arm of the anomaly has a horizontal length of ∼200 km and a
width of 75–100 km, and the Spanish arm is ∼150 km long and
∼60 km wide. Below 150 km depth the two arms join to form a
single, laterally continuous anomaly.

In the model of Piromallo and Morelli (2003, PM), the fast
anomaly does not extend above ∼200 km, and the area directly
west of the strait of Gibraltar shows slow velocities instead. The
model presented in Spakman and Wortel (2004, BS) does show a

Fig. 4. (A) Horizontal slices through the final model at different depths as indicated on the figure. Red line on 390 km depth slice shows the location of the cross-section in
panel B. (B) East–west cross-section through the velocity model at ∼36°N, Black inverted triangle shows the location of the strait of Gibraltar. (C) Three-dimensional view of
the þ2% velocity anomaly iso-surface viewed from the southeast. Dashed blue lines correspond to the þ2% contour at depths of 195, 290 and 580 km, the depths of the
corresponding map views are presented in bold type in panel A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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east of Gibraltar, to the base of the transitions zone, and it is seismically
active at intermediate and deep depths.

The geometry of the high-velocity anomaly is consistent with a
slab origin. If this feature is restored to the surface by unfolding it
without significant in-plane strain, it fills the area occupied by the
western Alpine Tethys at ∼30 Ma (Fig. 8). That is to say, the
anomaly we image has roughly the shape of the lithosphere that
presumably subducted.

Attributing the high-velocity anomaly in the westernmost
Mediterranean to subducted ocean lithosphere is not new (e.g.
Blanco and Spakman, 1993; Faccenna et al., 2004; Gutscher et al.,
2002; Piromallo and Morelli, 2003; Spakman and Wortel, 2004).
However, this is not generally accepted. The primary objection
comes from the apparent incompatibility of this model with the

presence of the thinned continental crust of the Alborán domain,
which lies between Africa and Iberia, where rollback would have
occurred. Previously, authors have attempted to address this point
by proposing that the Alborán domain migrated 500–700 km into
its current position following the retreating trench from the
Balearic margin, with extension in the backarc creating the
Algerian Basin (Lonergan and White, 1997; Spakman and Wortel,
2004). The amount of Alborán motion required by this model is
not consistent with palinspastic reconstructions based on balanced
cross-sections of the Betic–Rif belts that constrain Alborán–Iberia
convergence to ∼250 km since 20 Ma (Platt et al., 2003, 2013) and
there is no geologic evidence for the presence of Alborán domain
remnants that far east or the existence of a strike-slip fault
required for this transport (Platt et al., 2003).

The paleo-position of the Alborán terrane obtained from
geological constraints places it on the subducting plate, within
the area involved with subduction (Fig. 8). We therefore prefer a
model that has rollback beginning at the Balearic margin northeast
of the Alborán domain and continuing under the Alborán crust,
taking the Alborán mantle lithosphere with it. Such a model is
consistent with the thermal history of the Alborán domain.
Starting at ∼27 Ma the base of the Alborán crust experienced
near-asthenospheric temperatures accompanied by uplift, suggest-
ing that most of the lithospheric mantle was lost (Platt et al., 1998).
This has been attributed to convective removal or delamination of
an over-thickened lower lithosphere (Houseman, 1996; Platt and
Vissers, 1989). We propose that the delamination event occurred
as a result of subduction of the Alborán lithospheric mantle along
with the larger slab that we find presently under the westernmost
Mediterranean. The Alborán crust, having avoided subduction,
would have been transferred or accreted to the overriding plate.
Given the early history of high pressure—low temperature meta-
morphism of the Alborán crust (Azañón and Crespo-Blanc, 2000;
Platt et al., 2005), it is probable that some degree of subduction
and later exhumation of the crust preceded the delamination
event (Bialas et al., 2011; Brun and Faccenna, 2008).

After the delamination–accretion event, rollback would have
continued by consuming the lithosphere west of the Alborán,
which we presume to be largely oceanic in nature (given the
occurrence of intermediate depth seismicity that usually is linked
to dehydration reactions in subducting oceanic lithosphere, Green

Fig. 7. Cartoon interpretation of the geometry of the Alborán slab as imaged in our
model. The NS and EW trending arms of the shallow slab are separated by a small
vertical tear and the latter does not reach the surface. The gray area labeled Alboran
corresponds to the part of the slab we infer is composed of the lower lithosphere of the
Alborán domain. Dashed lines and question marks show a possible detached flat-lying
section of slab at the bottom of the transition zone that cannot be adequately resolved
with our data and method, see text for further explanation. Inverted black triangle
labeled “G” schematically shows the position of the strait of Gibraltar.

~30 MaPresent

Slab restored to the surface Alboran Domain

Fig. 8. (A) Restoration of the high-velocity anomaly to the surface, with present-day location of the shorelines, and (B) with position of the shorelines at ∼30 Ma (Rosenbaum
et al., 2002a, 2002b). Restoration was produced by projecting the midlines of the anomaly at each model depth to the surface and shifting their location to the east by a
distance equivalent to their depth minus 70 km (blue lines in panel A, where we assume at 70 km the anomaly can be projected to the surface directly). The projected
midlines are then unfolded about a hinge at constant latitude (red open circles) to obtain the projection of the unfolded anomaly (red lines). The thick, dashed red lines
correspond to the depths shown as contours in Fig. 4b. The probable position of the Alborán domain at the time of subduction initiation (Platt et al., 2003) is shownwith tan
color in panel B. We note that these lines are purely aides in the geometric reconstruction and are not meant to represent paleo-positions of the trench. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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distribution of the micro-seismicity is in agreement with Grevemeyer
et al. (2016). The majority of the FMs are pure strike-slip and oblique
slip with a small reverse component. A few normal mechanisms are
also identified.

4.4. The Horseshoe cluster

The Horseshoe seismicity cluster is elongated along a NW-SE direc-
tion (Fig. 9A). The profiles orthogonal to its trend show that the cluster
is more dispersed to the west (see PRF-01 and PRF-02, in Fig. 9B and C,
respectively). In the longitudinal profile PRF-03, it is possible to detect a
SE-dipping fabric in the distribution of the events (Fig. 9D). Here, the
seismicity is distributed across three different lithospheric domains,
two made up of unaltered mantle and one of hydrated (serpentinized)
mantle. Furthermore, it should be noted that this profile cross cuts
three first order faults deforming the seafloor: the Horseshoe Fault,
the SWIM1 Fault and SWIM2 Fault. It is possible to observe that the hy-
pocenters located to the south of SWIM 1 Fault are roughly vertical,
whereas the hypocenters to the north of the SWIM 1 Fault dip to south-
east. The focal mechanisms solutions are mostly pure strike-slip,
oblique-slip with reverse dip-slip component and few normal dip-slip
events. Note that, most of strike-slip solutions strike WNW-ESE to W-

E, sub-parallel to the SWIM faults (in particular the SWIM1 Fault,
Fig. 9A), which contrasts with the general NW-SE cluster trend.

5. Discussion

5.1. Seismicity clusters and tectonic structures

In this study, we have identified three seismicity clusters. The clus-
tering of the events shows that themicro-seismic activity in this studied
area of the Gulf of Cadiz is not diffuse nor randomly distributed. On the
contrary, it is concentrated in three main areas. These clusters have also
been previously recognized by Geissler et al. (2010) and Custódio et al.
(2016). However, in this work, by using a larger dataset we have re-
duced the errors in the events locations. This allowed gaining a new im-
proved knowledge on the geometry of the clusters, as well as to
recognize that most of the events where located in the lithospheric
upper mantle.

The São Vicente and the Gorringe clusters are elongated and parallel
to the strike of the main thrust faults in the region (e.g. the Marquês de
Pombal, the Horseshoe and the Gorringe faults). The São Vicente cluster
is sub-parallel to NNE-SSW thrust faults. The thrusts are often segment-
ed by WNW-ESE transfer (strike-slip) structures. The NE-SW trending

Fig. 9. The Horseshoe cluster. A - map viewwith the epicenter distribution and the computed FMs. The epicenters errors range between 1.6 and 4 km, with 75% of the events with errors
≤4.1 km. B–D - cross-sections and bathymetric profiles across the seismicity cluster (the bathymetric profiles have a vertical exaggeration of≈2.5×; all the events in the profiles are a
projection of the events located within a band of 40 km). The vertical errors are between 1.4 km and 16.4 km, with 75% of the events with errors ≤6.4 km. B–C - profiles PRF01 – 02
are SW-NE cross-sections (CAOC - Central Atlantic Oceanic Crust, WTOC - Western Tethys Oceanic Crust). D - profile PRF-03 shows a NW-SE cross-section along the cluster maximum
elongation (note that the events in the dashed line ellipse are located to the south of the SWIM1 Fault). Faults and background colors as in Fig. 1B.
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High-quality OBS locations

Silva et al (2017)

• Abundant offshore historical & instrumental earthquakes.
• Crustal faults remain mostly silent.
• Deep seismogenic faults (>20 km) remain blind.

frontal thrust of theGorringe Bank is parallel to the continental crust rift
faults and also to the oceanic crust extensional fabric described in
Hayward et al. (1999) and Zitellini et al. (2009), which is also observed
near the Coral Patch Ridge (see Fig. 1B for location, e.g. Martínez-
Loriente et al., 2013). Our interpretation is that in the Gorringe and
the São Vicente clusters, the mantle is responding to shortening by
reactivating extensional tectonic fabrics, locally coincident with zones
of faults intersections, i.e. between the ≈NE-SW thrusts and the ≈
WSE-ESE strike-slip faults. In the present day, these NNE-SSW to NE-
SW striking faults are mainly reactivating Mesozoic rift faults, while
the≈WSW-ESE striking faults (the SWIM faults) result from the reacti-
vation of oceanic transfer/rift faults and ocean-continent transition
structures associated with the first stages of seafloor spreading in the
Neo-Tethys and Atlantic oceans (Terrinha et al., 2009; Duarte et al.,
2011; Rosas et al., 2012; Martínez-Loriente et al., 2013, 2014 and
2016).We hypothesize that these crustal fault planes are the expression
of deeper structures (with similar geometries) existing in the litho-
spheric mantle, as suggested by SE-dipping and vertical alignments of
hypocenters (see Figs. 7–8).

Beneath the Gorringe Bankmost of themicro-seismicity is located at
depths between 20 and 40 km, below or at the base of the serpentinized
upper mantle layer (see Fig. 10). Note that both micro-seismicity and
the highermagnitude focalmechanisms show reverse dip-slip solutions
compatible with the general NW-SE compression (see SHmax orienta-
tion in Fig. 1A). However, due to its depth, it is not possible to relate di-
rectly the seismicity with the Gorringe Fault (see Fig. 10). The micro-
seismicity here may, however, be associated with a deeper thrust fault
zone that could result from the re-interpretation of the Gorringe Fault's
geometry (see Fig. 10). Furthermore, the strike-slip focalmechanisms in
the southwestern segment of the Gorringe cluster may be associated
with an E-W to WNW-ESE deep (lithospheric) transfer fault zone (see
Fig. 7A).

The São Vicente cluster is elongated parallel to the Marquês de
Pombal and the São Vicente faults, and cuts across the thinned conti-
nental - oceanic crusts limit (see Fig. 8A–D). Most of the seismicity
here is located in the lithospheric mantle at depths between 20 and
40 km. This implies that the micro-seismicity in this area cannot be

originated in the Marquês de Pombal Fault and/or the associated back
thrust, as was previously proposed by Zitellini et al. (2001), because
these are crustal structures (see Fig. 11).

The highest magnitude event (ML = 4.8) registered with the
NEAREST network was located in this cluster. The focal mechanism so-
lution (code 78 in Figs. 5, 8A and the Supplementary material B.4 and
C.3) suggests that this was a strike-slip event with a small reverse dip-
slip component. One of the possible fault planes is roughly sub-vertical
with a NE-SW direction. The other is WNW-ESE, and dips ≈50° to the
NE (see Fig. 8A, and Supplementary material B.4 and C.3). This FM is
similar to the FM of the December 17th, 2009 Mw = 5.8 earthquake,
which was located in the same area at depths between 36 and 43 km
(see Figs. 1C and Table 1). Neither of these events seems to be related
with the Marquês de Pombal or SWIM Faults. We thus suggest that
these events may be related either with a transfer zone marking the
limit between the North Atlantic and the Tethys oceanic domains (if
considering a vertical fault plane) or with a NE-dipping tectonic fabric
inherited from Mesozoic (Tethyan) extensional events. Both structural
fabrics can be recognized in profile PRF-03, in Fig. 8D, and would
match the deep nature of the micro-seismicity.

In the Horseshoe cluster, the epicenters are distributed across the
Horseshoe Abyssal Plain Thrust, the Horseshoe Thrust, and the SWIM-
1 and SWIM-2 strike-slip faults. The cluster also cuts across three differ-
ent lithospheric domains: Central Atlantic, Western Tethys oceanic
crust and the exhumed serpentinized mantle domain (see Fig. 3, Fig.
9A–D). The inspection of the profiles with the hypocenters (in Fig. 9),
together with the IAM GB1 seismic profile (in Fig. 3), suggests that the
events may result from the reactivation of all discontinuities cut by
the cluster,with the exception of theHorseshoe Fault that is too shallow
(it has amaximumdepth of 20 km; see Fig. 9 inMartínez-Loriente et al.,
2016). These results suggest that a significant part of the seismicitymay
be strike-slip events associated with the SWIM faults (Figs. 9A, D and
12), which have been previously considered to be mostly aseismic
(e.g. Zitellini et al., 2009). Notwithstanding, Bartolome et al. (2012)
have assigned earthquakes to the SWIM fault, but their work was
based on hypocenters locations derived from land stations. The thrust-
dominant events may be related with deep blind thrusting at mantle
depths (eventually related with the HAT structure) between the area
of the Horseshoe and the Gorringe faults (see Fig. 1B).

Fig. 10. Projection of theGorringe cluster along theNRST (NEAREST-P1) seismic refraction
profile (adapted from Sallarès et al., 2013; location in Fig. 7, colors as in Fig. 1B). M N 5
events (open circles) are from Buforn et al. (1988) and Stich et al. (2010). 1- Gorringe
Fault from Sallarès et al. (2013) and HAT from Martínez-Loriente et al. (2014); 2-
possible corresponding deep thrust faults. No vertical exaggeration.

Fig. 11. Projection of the São Vicente cluster along the AR-10 MCS profile (with a
projection of the earthquakes located within 20 km of both sides of the profile). On top
is the interpretation of the AR-10 seismic profile (M - Miocene unconformity; Cz -
discontinuity between the lower Cretaceous and Paleocene; CB - chaotic body; PRF-03
as is in Fig. 8D). On the bottom, Marquês de Pombal Fault and associated Back-Thrust
Faults (MPF-BTF), from Zitellini et al. (2001) depth converted AR-10 interpretation.

237S. Silva et al. / Tectonophysics 717 (2017) 226–241

EDSF, SHEEC, IPMA, 
Custodio et al (2016a,b), 
Duarte et al (2011)

  

−12˚

−12˚

−11˚

−11˚

−10˚

−10˚

−9˚

−9˚

−8˚

−8˚

−7˚

−7˚

−6˚

−6˚

−5˚

−5˚

34˚ 34˚

35˚ 35˚

36˚ 36˚

37˚ 37˚

38˚ 38˚

  

−12˚

−12˚

−11˚

−11˚

−10˚

−10˚

−9˚

−9˚

−8˚

−8˚

−7˚

−7˚

−6˚

−6˚

−5˚

−5˚

34˚ 34˚

35˚ 35˚

36˚ 36˚

37˚ 37˚

38˚ 38˚

1755 M8.5

1941 M6.7
1915 M6.3

1309 M7
1356 M7.5
1761 M7.5
1969 M7.8

2007 M6 1722 M6.5

1964 M6.3

1773 M6.1

  

−12˚

−12˚

−11˚

−11˚

−10˚

−10˚

−9˚

−9˚

−8˚

−8˚

−7˚

−7˚

−6˚

−6˚

−5˚

−5˚

34˚ 34˚

35˚ 35˚

36˚ 36˚

37˚ 37˚

38˚ 38˚

  

−12˚

−12˚

−11˚

−11˚

−10˚

−10˚

−9˚

−9˚

−8˚

−8˚

−7˚

−7˚

−6˚

−6˚

−5˚

−5˚

34˚ 34˚

35˚ 35˚

36˚ 36˚

37˚ 37˚

38˚ 38˚

Instrumental earthquakes (2007-2024)

Focal mechanisms

IPMA regional
OBS local

Reverse
Strike-Slip
Normal

of 7.6 to 7.8 km/s and high Vp/Vs ratios (Fig. 2C), compatible with hy-
drated mantle (Christensen, 2004).

Finally, we re-located all the events using the initial HYP2 applica-
tion and the velocity model resulted from the VELEST application.
Note that the HYP2 application allows the use of both independent
Vp, Vs models (variable Vp/Vs) and P, S stations delays.

3.1.3. Magnitude estimation
In order to estimate the local magnitude (ML), we used the Carrilho

and Vales (2009) formulation for Portugal and adjacent areas:

ML ¼ logAþ 1:287 log∆þ 0:00061∆−2:147

where, A is the amplitudemeasured in aWood- Anderson synthetic dis-
play (in nm) and Δ is the hypocentral distance. This is the same formu-
lation applied in routine geophysical observation at the IPMA
Seismological Operational Centre.

3.1.4. Focal mechanisms computation
The focal mechanisms (FMs) were derived from Pwave first motion

polarity both from the NEAREST network stations (BB OBS and
GEOSTAR) and from the land stations (see Fig. 1B). FMswere computed
using the double-couple fault-plane solution program - FPFIT
(Reasenberg and Oppenheimer, 1985). Theminimum criteria for trying
a solution were 10 polarities readings and a quality classification deter-
mined based on polarity misfits and on the standard deviation parame-
ters computed with FPFIT for each solution (quality parameters, a table
and a display of all focal mechanism solutions that pass our selection
criteria are presented in the Supplementary material B and C).

3.2. Multichannel seismic reflection and refraction profiles

TheMCS reflection and refraction profiles used in this workwere se-
lected specifically to complement our geological and rheological inter-
pretations of the results obtained from the passive seismic
experiment. Accordingly, all the selected MCS profiles, except IAM-
GB1, are depth sections that allowed a correlation between the tectonic

fabrics and the distribution of the seismicity. The chosen profiles and re-
spective references are presented in Fig. 1B.

The seismic profile IAM-GB1 was selected for depth conversion be-
cause it strikes perpendicularly to the southern cluster of hypocenters
(Geissler et al., 2010), across SWIM faults and the contact between the
Central Atlantic and Tethys oceanic domains (Martínez-Loriente et al.,
2014). Our objective was to gain a new insight on the relation between
the nature of this contact and themicro-seismicity. Details on the acqui-
sition parameters and processing sequence are presented in the next
section.

3.2.1. Acquisition parameters and processing sequence of the IAM-GB1mul-
tichannel seismic profile

The IAM-GB1 profile (see Fig. 1B for location) was acquired during
the Iberian Atlantic Margins (IAM) campaign funded by the European
Community project JOU2-CT92-0177 (Banda et al., 1995). The energy
source was a SWAG air-gun array with a total energy volume of 7524
cu. in. The source depth was 10 m and the shot interval was 75 m. The
receiverswere contained in a streamerwith 192 groups of hydrophones
with an interval of 25m, and with five auxiliary channels. The streamer
was towed at a depth of 18m. The sample rate was 4ms and the record
length 25 s. A high-cutfilter at 92Hzwith a slope of 72dB/oct and a con-
stant gain of 24 dB were applied during acquisition. No low-cut filter
was applied. The primary navigation system was a Differential Global
Positioning System (DGPS).

The re-processing of the IAM-GB1 seismic profile was performed
using the software Globe Claritas from GNS Science, which is a pack-
age dedicated to 2D and 3D land and marine seismic data. The pro-
cessing sequence was: trace mute, in-line geometry, trace editing,
brute stack, velocity analysis, 2-window statistical deconvolution,
stacking, time and space variant band pass filtering, time and space
velocity variant finite differences time migration and post-migration
depth conversion, using a geologically meaningful velocity model.
Velocities were extracted from refraction and wide-angle reflection
seismic profile - P1 (Martínez-Loriente et al., 2014) acquired also
under the scope of the NEAREST project (see Fig. 1B for location).
We used interval velocities from 1.8 km/s for the uppermost sedi-
ments to 4.7 km/s at their base. Three layers were defined for the

Fig. 2. Final velocity model and depth distribution of the hypocenters recorded by the NEAREST network. A – final Vp velocity and proposed lithospheric compositional models; B - final P
and S velocity model resulting from simultaneous inversion of hypocenter locations, stations corrections and velocity model using the VELEST algorithm. Blue bars show the depth
distribution of 269 selected events after inversion (see text for explanation); the green line is the Vs, the red is the Vp and the gray lines define the initial Vp models; C - depth re-
location of all the 443 events based on the obtained velocity model and stations corrections (black line shows the variation of Vp/Vs in depth). Note that the depth scale refers to the
sea level.
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How often?
Tsunami deposits

minor associated tsunami), while there are other
EWEs with no seismic evidence which can be
attributed to large storms or which require further
evidence to be interpreted as tsunamis. Another
crucial point is that regional or even local active
faults (Portimão fault in the Algarve, off the
Portuguese coast, Terrinha et al. 1999; Cabo de
Gracia fault in the Bay of Bolonia, off the
Spanish coast, Grützner et al. 2012) may also
trigger tsunamis with a local impact.

5.4 Concluding Remarks

This chapter summarizes the state of the knowl-
edge on tsunamis and other EWEs and their
geological signatures on the Portuguese and
Spanish coasts along the Gulf of Cadiz. The
number of identified events is very limited on the
Portuguese side, presumably because of their
specific geomorphological and sedimentological

Fig. 5.4 Correlation between turbidites (E1–E9)
described in the offshore region of the Gulf of Cadiz
and onshore evidence of similar age-related EWEs
presented by areas (x-axis) and age (y-axis). Although
there is widespread evidence of the 1755 CE tsunami,
other events are less identifiable along the Atlantic coast
of the Iberian Peninsula, despite some relevant ones
(affecting more than one location). 1. Data from Gràcia

et al. (2010). Widespread events generated by EQs
Mw > 8.0 in red and local events in yellow. 2. Offshore
EWEs on the Portuguese coast, data from Quintela et al.
(2016); Reicherter et al. (2019, this volume). 3. Data from
Silva et al. (2009, 2014, 2019). Stars show documented
EQs with geological effects. Letter mark archaeological
sites: B: Baelo Claudia, C: Carteia. All data recalibrated
to DR = 0 (modified from Lario et al. 2011)
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2. Zone B: From 24° W to 18° W where the
Gloria Fault forms a large transform segment
of the AGFZ. It is an area of friction where
large magnitude earthquakes may occur
(Omira et al. 2019), which are however
associated with dextral horizontal displace-
ments along an E-W orientated fault (Udías
et al. 1985). This kind of displacement gen-
erates small tsunamis that are not generally
observed on the south-western coast of the
Iberian Peninsula. An exception to the rule
was the earthquake and associated tsunami on
25 November 1941, with peak amplitudes of
40 cm in the Azores and Madeira (Baptista
et al. 2016).

3. Zone C: The Cadiz Gulf is the main source of
tsunamis. This is a zone of intense collision
between the African and the Eurasian plates

that are undergoing strong and localized
contractional deformation and thrusting. The
most important tsunamis were generated in
this area, located from 12° to 6° W along the
36° N parallel (e.g., Gutscher et al. 2002,
2006).

Nevertheless, there is still much scientific
debate on the possibility of subduction initiation
in this region and on the epicentral mechanisms
of large earthquakes affecting it (e.g., Duarte
et al. 2013).

Figure 5.2 is based on Lario et al. (2011) and
the tsunami deposit database of the OnOff project
(http://tsunami.campus.ciencias.ulisboa.pt/). It
shows the locations where tsunami deposits have
been described in the Iberian Peninsula. In this
chapter, all these sites are reviewed, briefly

Fig. 5.2 Locations where tsunami deposits have been
described along the southwest Atlantic Iberian coastline:
1. Aveiro, 2. Cabo Raso, 3. Cascais, 4. Tagus estuary, 5.
Alfeite, 6. Pancas (Benavente), 7. Tróia, 8. Praia do
Malhão, 9. Martinhal, 10. Furnas, 11. Barranco, 12. Boca
do Rio, 13–14. Alcantarilha and Salgados, 15. Quarteira-

Almargem-Carcavai, 16. Ria Formosa, 17. Guadiana
estuary, 18. Rio Piedras estuary, 19. Tinto Odiel estuary
and Punta Umbría spit bar, 20. Guadalquivir estuary and
Doñana spit bar, 21. Guadalete estuary and Valdelagrana
spit bar, 22–23. Conil-Trafalgar-Barbate area, 24. Los
Lances-Tarifa, 25. Algeciras-Gibraltar
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Ground motion modeling
Attenuation (Coda-Q)

Q0(f=1 Hz) & Q10(f=10 Hz)

Regional ground motion model

The model presented herein can be used in future Seismic
Hazard and Risk Assessment studies for southwest Iberia.
However, we note that the proposed model provides ground
shaking for rock conditions, and for the assessment of earth-
quake damage and losses, it is fundamental to account for site
conditions (e.g., Acevedo et al., 2020). The evaluation of
ground-shaking amplification was out of the scope of this
study. Instead, we recommend using one of the existing ampli-
fication models in the literature, such as Stewart et al. (2020) or
Weatherill et al. (2022). We also note for the inversion of sto-
chastic parameters, we used common derivation methodolo-
gies applied in several past studies, but more recent
methodologies have been proposed for the estimation of stress
drop (e.g., Baltay et al., 2019; Trugman, 2020) and attenuation
parameters (e.g., Shible et al., 2022). There are still limitations
in different parts of the model due to the paucity of recorded
data from past earthquakes. Improvements and expansion of
the existing strong-motion networks will provide better-
recorded data, especially in case of offshore events, which
can enable testing and further improvement of the proposed
GMM. In addition, this study does not account for the effects
of epistemic uncertainty in the simulation parameters. Further
research is required to explore how this uncertainty impacts
the ground-motion simulations in the region.

DATA AND RESOURCES
The earthquake catalog and seismic signals used in this study can be
found in the following links: http://ceida.ipma.pt/web-interface/ (last
accessed January 2024) and https://www.ign.es/web/ign/portal/sis-
catalogo-acelerogramas (last accessed January 2024). The artificial
neural network (ANN) model along with the cross-validation and
mixed-effects regression metrics developed in this study are publicly
available through a GitHub repository https://github.com/amirt1994/
ANN-Ground-Motion-Model-for-Western-Iberia and https://github.
com/amirt1994 (last accessed May 2024).
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Figure 20. Attenuation of four selected IMs: (a) PGA, (b) SA (0.2 s), (c) SA
(0.5 s), (d) SA (1.0 s), based on an offshore model assumingMw 4 compared
with empirical data from past offshore events in the region. The gray dots
represent observations for Mw 4 offshore events in the region. The shaded
areas indicate the corresponding uncertainty range of the predictions.
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• Low attenuation in the mainland.
• Large lateral variations of Q.
• Regional model good! J, but lacks data 

at small R, high M.

Coefficient of Variation (CV = σ/μ) is also presented in Figs. 7 and 8.
As shown in Figs. 7 and 8, there is an overall good agreement be-

tween the main distributions of low and high Q areas of Noriega et al.
(2015a) and our results for Q0, namely the NW has high Qc values and
the SE has low Qc values. Moreover, at 10 Hz, we observe the same
trend, but different Q-areas are separated more clearly. This might be a
consequence of the Q10 values being more robust since they are based
on more data than the Q0 data, as explained above.

Of particular interest in our study is that we cover the not yet stu-
died SW offshore Iberian areas. It is seen that low Qc in landwards
southwestern continental area stretches continuously to the offshore
with no large difference between the two domains. At 10 Hz a more
detailed Qc structure is observed, with the offshore having a lower Qc

than the near-shore and shore area to the SW. Noteworthy is the very
low Qc to the west which is clearly separated from the area further east.
The separation between these two areas corresponds to changes in the
nature of the crust, as discussed in section 2 (Figs. 1 and 2).

8. Discussion

8.1. Variation of Qc with depth

It is well-known that Qc values measured by the single scatterer
model of Aki and Chouet (1975) vary with the lapse time used. This fact
is usually interpreted as evidence for depth dependence of attenuation,
since the larger the lapse time, the larger the rock volume involved in

Fig. 6. Areas defined for comparison of Q0 and Q10 based on the geographical distribution of the clusters. The numbers present Q0 and Q10 results for each area. The
abbreviations are NW: Northwest, NE: Northeast, CEN: Central, S: South, SW: Southwest, SSW: South-Southwest, SEN: Southeast-North, SES: Southeast-South, SS:
South-South and MOR: Morocco.
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��

in contrast to all previous analysis, some NGA models
show good performance (NGA-BA) and some ENA models
(ENA-A) show negative residuals (observed intensities lower
than predicted intensities).

Finally, the 28 February 1969M 7.8 earthquake displays
large positive residuals for all analyzed GMPEs (median
values from 1.5 to 3; not represented in the figure). The
reported intensity for the Lisbon area is VI, which according
to Atkinson and Kaka (2007) corresponds to spectral ampli-
tude at 1 s within 50–239 cm=s2 at 68% confidence level (the
0.01 s response spectra ordinate is not reliable due to the low
frequency sampling of the records). The recorded response
spectra amplitude at 1.0 s is 43 cm=s2, and this value is either
in accordance or higher than the predicted by the GMPE’s ana-
lyzed. Therefore, the bias observed in the intensity-residual
distribution suggests that intensities for these large distant
earthquakes may not correlate well with the amplitude of

response spectra and could be influenced by other character-
istics of the ground motion (such as sustained shaking, for
instance).

Discussion

The GMPEs are known to critically influence the seismic
hazard-assessment in a region by controlling the level of
shaking with a certain probability of exceedance during a
given time span. In western Iberia they also critically affect
the hazard pattern and the results of the hazard disaggregation
because they influence the relative contributions of offshore-
distant-interplate earthquakes and onshore-local-intraplate
earthquakes.

Based on the residual distributions presented in Figure 6
it is evident that tectonically stable GMPEs perform better in
predicting the regional ground motions than the tectonically
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Figure 10. Residual distributions for intensity observations for different GMPEs (lines) and earthquakes (columns).
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Attenuation (Global GMMs)

outcome given the differences in the main input parameters
defined for these two regions (see Table 2). From the figures,
it can be observed that, at distances below 15 km, where the
stress drop controls the ground motions, the inland model is
closer to the GMM developed by Rietbrock et al. (2013) and
Edwards and Fäh (2013), whereas the offshore model produces
values closer to the ENA models at this range of distance. The
difference between the two models can be explained by the
selected value of stress drop. At intermediate distances, the
differences between the models are due to the different geo-
metrical spreading functions defined for each model. For
the offshore model, the ground motion values decrease with
distance at a lower rate. This trend is due to the lower geomet-
rical spreading coefficient assumed for the offshore model at
this range of distance. For distances above 100 km, a higher
attenuation is evident for the model presented herein com-
pared to other models. This is due to the lower Q values in
our region of interest. Our results suggest that the GMMs
developed for ENA tend to overpredict ground shaking for
inland earthquakes in southwest Iberia but led to results rel-
atively similar to the ones presented herein for the offshore
scenario. It is important to mention that offshore events occur
mostly at distances of 100 km south and southwest of our
region of interest, and thus their performance at distances
below this threshold is less relevant. This performance is fur-
ther discussed in the following section.

Figures 15 and 16 depict the median response spectra pre-
dicted for two magnitudes (Mw 5.5 and 7.5) at three different

distances. The SA values are calculated for the rock site
(VS30 ! 760 m=s) at 2 km depth. For the Mw 5.5 scenario,
except for periods below 0.1 s, the offshore model predicts sim-
ilar values. At short distances (RJB ! 10 km), the spectral
shape of the offshore model at high frequencies (periods below
0.1) is different from ENA models (e.g., Atkinson and Boore,
2006), which can be a result of the assumption of higher values
for the spectral decay factor κ0 in our model. However, because
period increases the offshore model aligns closely with ENA
models. At moderate distances (RJB ! 50 km), the offshore
model tends to overpredict the pseudospectral acceleration
(PSA) compared to other models. This is a result of the
assumption of a lower geometrical spreading coefficient at
short distances in our model. As discussed earlier, the perfor-
mance of the offshore model in distances below 100 km was
affected by the lack of data in this range. Nevertheless, at larger
distances (RJB ! 200 km), the offshore model predicts values
relatively close to Atkinson and Boore (2006) model. In con-
trast, the spectral shape and values generated by our Inland
model exhibit relative similarity to other European models
that employ similar stress-drop values (e.g. Edwards and
Fäh, 2013; Rietbrock et al., 2013). However, at short distances

Figure 13. IM–RJB attenuation curve for PGA and comparison with other
ground-motion models (GMMs) assuming (a) Mw 5.5, and (b) Mw 7.5
and a depth of 2 km. The color version of this figure is available only in the
electronic edition.
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Physics based modeling

and Turco, 2009; Sallarès et al., 2013]. Later, the Neogene NW-SE convergence between Eurasia and Africa
resulted in the thrusting of the southeastern segment of the band over the northwestern part, a process that
generated the uplift of the Gorringe Bank [Sallarès et al., 2013] (Figure 8a). The velocity and gravity modeling
of this part of profile P1 reveals a low-velocity/high-serpentinization anomaly, which is possibly related to the
presence of a main basal detachment thrust fault with secondary thrusts responsible of the Gorringe Bank
uplift (Figure 8a). Moreover, low velocities in the upper part of the basement (Figure 3) indicate a high degree
of fracturing and/or serpentinization in the NW flank of the Gorringe Bank, leading eventually to rock
disaggregation [Sallarès et al., 2013], which added to a steeper slope and may favor large mass-transport
deposits [e.g., Gràcia et al., 2010; Lo Iacono et al., 2012] (Figure 8a).

The boundary between the exhumed mantle rocks flooring the NW part of the profile P1 and the oceanic
crust of the SE half occurs beneath the center of the Horseshoe Abyssal Plain. We suggest that the transition
between both basement types is abrupt and the HAT appears to be a likely candidate to accommodate the
boundary between them (Figures 7, 8a, and 9). The oceanic crust basement of the Coral Patch Ridge and
Seine Abyssal Plain must be intensely fractured and highly heterogeneous, displaying local anomalies that
may represent ultramafic rock fragments generated by an ultraslow-spreading center (Figures 8a and 9).
Although the basement was not reached by DSDP Site 135, on the basis of sediment rates the deduced age of
the sediments lying directly above the basement would be 180–155 Ma (Early to Late Jurassic) [Hayes et al.,
1972]. Kinematic reconstructions differ in the age of the onset of seafloor spreading in the Central Atlantic
Ocean (CAO). Some works propose a late Early Jurassic to early Middle Jurassic (185 Ma to 175Ma), in particular
for the northern part of the CAO [Withjack et al., 1998; Roeser et al., 2002; Schettino and Turco, 2009], whereas
other authors proposed an age as early as Early Jurassic (195 Ma to 185 Ma) [Laville et al., 1995; Olsen, 1997;
Le Roy and Piqué, 2001; Sahabi et al., 2004; Labails et al., 2010]. On the basis of the end of salt deposition
off Morocco and Nova Scotia, Sahabi et al. [2004] proposed an age of Late Sinemurian (190 Ma) for the first
oceanic crust in the CAO. This age is in agreement with that of the volcanic activity on both sides of the
Atlantic ocean referred to as the Central Atlantic Magmatic Province (200 Ma, before the end of salt deposits)

Figure 9. Basement-affinity distribution map (i.e., geological domains) of the SW Iberian margin overlaid by (a) the bathymetric map from the SWIM compilation [Zitellini et al., 2009] and
GEBCO digital atlas (http://www.gebco.net/) with the main tectonic structures of the region [after Iribarren et al., 2009; Zitellini et al., 2009; Bartolome et al., 2012; Martínez-Loriente et al.,
2013]. White lines labeled P1 and P2 correspond to the WAS profiles acquired during the NEAREST-SEIS survey [Sallarès et al., 2011, 2013]. Purple band displays magnetic anomaly S1 [e.g.,
Schettino and Turco, 2009]; and (b) the free-air anomaly map (contours each 100 mGal) [Sandwell and Smith, 1997]. Seven geological domains, defined on the basis of nature of the
basement and age, have been proposed. See text for explanation. CF: Cadiz Fault; GCIW: Gulf of Cadiz imbricated wedge; HAT: Horseshoe Abyssal plain Thrust; HF: Horseshoe Fault; LC:
Lagos Canyon; LN: Lineament North; LS: Lineament South; MPF: Marquês de Pombal Fault; NCP: North Coral Patch Ridge Fault; PC: Portimão Canyon; PF: Portimão Fault; PSF: Pereira de
Sousa Fault; SCP: South Coral Patch Ridge Fault; SVF: São Vicente Fault.
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PRISM3D: a 3-D seismic model for Iberia 803

Figure 13. Comparison of PRISM3D (right-hand panel) with the model of Lozano et al. (2020) (left-hand panel) at 5 km (top panel) and 30 km depth (bottom
panel). Contour lines are drawn every 0.5 km s–1 at 5 km and every 0.1 km s–1 at 30 km. In PRISM3D, the concentration of contour lines at the crust–mantle
boundary visible on the 30-km-slice evidences the sharper velocity contrast in PRISM3D than in Lozano et al. (2020) across that interface.

values at each depth in PRISM3D, along with its standard deviation.
The figure also shows the 1-D VP and VP/VS profiles of model
IGN, which is routinely used by Instituto Português do Mar e da
Atmosfera (IPMA) to locate earthquakes in Iberia (Custódio et al.
2015). The IGN model has a fixed VP/VS = 1.75. In comparison
to the IGN 1-D model, the 1-D, depth-averaged PRISM3D model
portrays a slower upper crust, down to ∼10 km, and a slightly
faster lower crust, between ∼10 and 30 km depth. Both models
have similar velocities in the uppermost mantle (∼30–90 km), with
IGN being slightly slower than PRISM3D, on average. The IGN
1-D model shows a sharp step increase in seismic velocities at a
depth of ∼90 km, whereas PRISM3D shows a progressive increase
of seismic velocities from ∼120 km down to 200 km. Due to the
high VP/VS ratio values in sedimentary basins, the average VP/VS

is relatively higher for PRISM3D in the top 5 km, decreasing to
an average value of about 1.75 at ∼10 km depth, similar to that of
IGN. VP/VS then increases in the mantle up to a value of about 1.84
at 200 km depth, following the AK135 model (Kennett et al. 1995).

We used NonLinLoc (Lomax et al. 2000) to forward compute the
traveltimes of the first arriving P and S waves through the PRISM3D
and IGN models in a fully 3-D volume. We first placed a synthetic

hypocentre in the approximate centre of Iberia, at 4.5◦W, 40◦N and
10 km depth (Fig. 16a). We discretized the study region using grid
nodes spaced 1 km apart, both horizontally and vertically. In order
to minimize geometric distortion due to the projection of the spher-
ical real Earth onto the cubic NonLinLoc grid, we used a Transverse
Mercator projection centred at the synthetic epicentre. Nevertheless,
due to the flat Earth approximation the 3-D grid can only propa-
gate traveltimes accurately at local to regional distances (Snoke &
Lahr 2001). We then computed theoretical traveltimes for stations
along ∼500-km-long profiles, starting at the synthetic epicentre and
extending along different azimuths, from 0◦ (NS profile) to 330◦,
in steps of 30◦ (Fig. 16a). Fig. 16(c) shows the difference between
the theoretical traveltimes predicted using the layered IGN and the
PRISM3D models, for the first P-wave arrival, along the northward
profile (azimuth=0◦), as well as surface and Moho topographies
along the same profile. Fig. 16 evidences the impact of a laterally
varying seismic structure on the predicted traveltimes. In continen-
tal Iberia, PRISM3D is slower than IGN at upper crustal levels. This
results in later Pg arrival times predicted by PRISM3D with respect
to those predicted by IGN. The traveltime difference between mod-
els increases up to the Pg−Pn cross-over distance, at ∼120 km from
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• Lack resolution of large shallow basins.
• GM->MMI ?
• Slip complexities are important.
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Hazard models (10% in 50 years, rock)

Campos Costa et al (2008)

EC8

3052 L. Danciu et al.: The 2020 European Seismic Hazard Model: overview and results

Figure 1. The top panel (a) highlights regions where the mean peak ground acceleration (PGA) values for ESHM20 increased (shown in
red) or decreased (shown in blue) as compared to ESHM13. The bottom panels (b) and (c) show the spatial distribution of the mean PGA for
a return period of 4745 years for ESHM13 (b) and ESHM20 (c). The maps are both estimated for a generic rock site class with a shear wave
velocity Vs30 ⇠ 800 m s�1.

cur at greater distances, where the general trend for ESHM20
is towards faster attenuation. Furthermore, the ground mo-
tion regionalization used in ESHM20 can be considered a
partially non-ergodic model (Weatheril et al., 2024). Conse-
quently, the core and body of the ESHM20 regional back-
bone logic tree predict smaller motions than the ESHM13
ground motion logic tree. It is worth noting that the ground
motion models of ESHM13 are based on datasets of ground
motion recordings from outside of Europe. These recordings
may have a different attenuation rate, reflect unique source
characteristics, or exhibit site conditions not found in the
ESM database (Lanzano et al., 2019). In contrast, the in-
creased number of strong motion records from the Apennine
region in Italy shifts the centre of the strong motion dataset
toward conditions that are predominantly more rapidly atten-
uating than the rest of Europe. Comparison plots between the
ground motion models used in ESHM20 and ESHM13 are
also given in the Supplement. Additional factors may also
contribute to these differences in weighting schemes applied

to the two models, as well as the model implementation in
OpenQuake (Pagani et al., 2014). In ESHM13, the weight-
ing scheme is return-period-dependent and applied in post-
processing, whereas in ESHM20 the weights are applied to
each branch. A sampling technique of the entire logic tree
was then used to obtain the results of ESHM20. To con-
clude, the transition from ESHM13 to ESHM20 represents
the continuous effort in regional seismic hazard advance-
ment, and ESHM20, with its updated datasets, methodolog-
ical enhancements, and comprehensive model integration,
now stands as the reference model for the region, superseding
ESHM13.

3 Main input datasets

ESHM20 is based on the integration of multidisciplinary
datasets and expert information. The main datasets include
the unified earthquake catalogue, both historical (Rovida
et al., 2022; Rovida and Antonucci, 2021) and instrumental
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Figure 2.2 Mainland Portugal hazard maps for a exceedance probability of 10% in 50 years 

 
2.2 PSHA for Azores and Madeira Arquipelagos 
PSHA for Azores Archipelago was already published at an international periodic review (Carvalho et al., 
2001), so it will not be addressed in this paper. Figure 2.3 shows the 475 years return period map that was one 
of the results of that study and that support the decisions of the Eurocode 8 Portuguese working group. 
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Regarding Madeira Archipelago, it wasn’t done a specific PSHA for this region, and it was included, following 
the same approach of the Portuguese seismic code (RSA, 1983) presently enforce, in the less severe seismic 
zone of a long distant scenario. 
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Fig. 12 Mean seismic hazard map and 16th and 86th percentile maps in peak ground acceleration (g) for
rock, for a probability of exceedance of 10 % in 50 years (return period of 475 years)

which can amplify the spectral acceleration by a factor of 1.5 for short periods and 2.0 for
longer periods (Silva et al. 2014a). The mean aggregated economic loss for the 475 year return
has been estimated as 47.4 ± 6.6 billion and 47.2 ± 6.6 billion euro for the parish-based and
grid-based exposure model, respectively. Both approaches seem to provide similar results,
probably due to the fact that the spatial resolution of the parish-based exposure was already
fine enough, thus not changing significantly the position of the assets.

It is important to understand that the process of aggregating the losses throughout the region
of interest may underestimate the total loss value, particularly at high return periods, because
the approach chosen for the calculations (classical PSHA) does not take into consideration the
spatial correlation of the intra-event residuals (Jayaram and Baker 2009), nor the correlation
of loss ratio between buildings of the same vulnerability class. In order to take these two
aspects properly into account, a probabilistic event-based approach would have to be followed
where the losses are calculated event-by-event, which would lead to an aggregated loss
exceedance curve (representative of the whole exposure model) with higher probabilities
of exceeding large losses (e.g. Park et al. 2007; Carvalho et al. 2008; Silva et al. 2014a).
However, the employment at a national scale of the probabilistic event-based methodology,
as it is currently implemented in the OpenQuake engine (Silva et al. 2014a), would require
sampling of millions of earthquake ruptures, making this approach very computationally

123

Silva et al (2015)

OpenQuake

Inland

Offshore

1714 S. P. Vilanova and J. F. B. D. Fonseca

Figure 8. Partial logic tree mean hazard maps
(rock) for 10% exceedence probability in 50 years.
Sensitivity to the seismicity analysis method (col-
umns) and attenuation model (rows).

Figure 9. Partial logic tree mean hazard maps
(rock) for 10% exceedence probability in 50 years.
Sensitivity to the zonation.

Figure 10. Mean hazard map (rock) for 10% ex-
ceedence probability in 50 years (total logic tree) and
mean PGA values for the 15th and 85th percentiles
(interval between different shades of gray 0.01g).

Discussion

The comparison between hazard studies is a nontrivial
task because of the large number of parameters that influence
the results. Figure 11 displays the seismic zonation currently
in force in Portugal (Laboratorio Nacional de Engenharia
Civil [LNEC], 1983), clearly dominated by the offshore sce-
nario and hazard results from previous studies. Sousa (1996),
for a 500-year return period, used local empirical attenuation
models based on macroseismic intensity, obtaining the max-
imum hazard at the extreme southwest region of Portugal.

The hazard maps of Pelaez and Lopez Casado (2002), also
based on intensity attenuation models, show a similar pattern.

Oliveira et al. (1999) performed hazard calculations us-
ing Sousa’s (1996) source characterization and Ambraseys
et al.’s (1996) attenuation model, and the resulting hazard
pattern is qualitatively similar to that obtained in the present
study. Excluding the distant offshore sources, Oliveira et al.

Vilanova & Fonseca (2007)
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Figure 1. The top panel (a) highlights regions where the mean peak ground acceleration (PGA) values for ESHM20 increased (shown in
red) or decreased (shown in blue) as compared to ESHM13. The bottom panels (b) and (c) show the spatial distribution of the mean PGA for
a return period of 4745 years for ESHM13 (b) and ESHM20 (c). The maps are both estimated for a generic rock site class with a shear wave
velocity Vs30 ⇠ 800 ms�1.

cur at greater distances, where the general trend for ESHM20
is towards faster attenuation. Furthermore, the ground mo-
tion regionalization used in ESHM20 can be considered a
partially non-ergodic model (Weatheril et al., 2024). Conse-
quently, the core and body of the ESHM20 regional back-
bone logic tree predict smaller motions than the ESHM13
ground motion logic tree. It is worth noting that the ground
motion models of ESHM13 are based on datasets of ground
motion recordings from outside of Europe. These recordings
may have a different attenuation rate, reflect unique source
characteristics, or exhibit site conditions not found in the
ESM database (Lanzano et al., 2019). In contrast, the in-
creased number of strong motion records from the Apennine
region in Italy shifts the centre of the strong motion dataset
toward conditions that are predominantly more rapidly atten-
uating than the rest of Europe. Comparison plots between the
ground motion models used in ESHM20 and ESHM13 are
also given in the Supplement. Additional factors may also
contribute to these differences in weighting schemes applied

to the two models, as well as the model implementation in
OpenQuake (Pagani et al., 2014). In ESHM13, the weight-
ing scheme is return-period-dependent and applied in post-
processing, whereas in ESHM20 the weights are applied to
each branch. A sampling technique of the entire logic tree
was then used to obtain the results of ESHM20. To con-
clude, the transition from ESHM13 to ESHM20 represents
the continuous effort in regional seismic hazard advance-
ment, and ESHM20, with its updated datasets, methodolog-
ical enhancements, and comprehensive model integration,
now stands as the reference model for the region, superseding
ESHM13.

3 Main input datasets

ESHM20 is based on the integration of multidisciplinary
datasets and expert information. The main datasets include
the unified earthquake catalogue, both historical (Rovida
et al., 2022; Rovida and Antonucci, 2021) and instrumental
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PSHA

Woessner et al (2
015)

• Highest hazard in the Algarve and LTV.
• Max PGA ~0.2 g (10% in 50 years, rock).

ESHM13

ESHM20



Built environment
Low/no code 
(e.g., RSEP < 1983)

Moderate code 
(RSA, 1983 - 2010)

High code 
(EC8, > 2010)

Adobe BA Reinforced 
concrete

Limestone 
masonry

Granite 
masonry

Economic value Number of buildings

• Highest economic value close to the coast.
• Most houses built before codes.
• Problematic enforcement of codes.

6%
35% 14% 26%



What if it were today?

Extreme impact 
(>5 billion EUR)

High impact
(0.5-5 billion EUR)

Moderate impact
(0.1-0.5 billion EUR)

Low impact 
(<0.1 billion EUR)

Extreme impact 
(> 1000 fatalities)

High impact 
(100-1000  fatalities)

Moderate impacto 
(5-100 fatalities)

Low impacto
(<5 fatalities)

Fatalities

Economic Losses
Fault M Max M8.0 M7.5 M7.0 M6.5 M6.0

Marques de Pombal
(Mmax = 7.5)

3.1 - 3.1 0.9 0.27 0.08

Ferradura
(Mmax = 7.7)

2.7 - 1.8 0.5 0.13 0.03

Planicie Abissal do Tejo
(Mmax = 7.5)

5.9 - 5.9 2.4 0.80 0.27

Banco de Gorringe
(Mmax = 8.0)

7.2 7.2 2.5 0.7 0.18 0.04

Fukao (1973)
(Mmax = 8.0)

5.2 5.2 1.8 0.5 0.14 0.03

Duarte et al. (2025)
(Mmax = 8.6)

18.0 6.0 2.1 0.7 0.19 0.05

Tipo de falha M Max M8.0 M7.5 M7.0 M6.5 M6.0

Marques de Pombal
(Mmax = 7.5)

174 - 174 30 2 0

Ferradura
(Mmax = 7.7)

172 - 92 16 3 0

Planicie Abissal do Tejo
(Mmax = 7.5)

416 - 416 102 19 4

Banco de Gorringe
(Mmax = 8.0)

530 530 120 18 2 0

Fukao (1973)
(Mmax = 8.0)

418 418 93 15 5 1

Duarte et al. (2025)
(Mmax = 8.6)

1,885 860 113 21 2 0



Summary II: Hazard of the SW Iberia plate boundary

• Challenges:
• Source: 

• Shallow crustal faults vs deep seismogenic faults.
• Non-stationarity and fault interaction. 

• Earth structure: 
• Ground motion models at small R, high M. 
• Large shallow basins likely to be important.

• Site effects: 
• Very shallow structure.
• Topography of material interfaces.

• Opportunities:
• Offshore instrumentation: OBS, SMART cables, DAS.
• … 
• Discussion today: 12:30-14:00, room C.3.16

SMART cables 
(operations due 2027)

Continent – Azores – Madeira

DAS (Madeira)

This is a non-peer reviewed Report submitted to SEISMICA GeoLab Madeira dataset – 3X network

Figure 9 Modulated high-frequency spectral banding recorded on 1/11/2023, on a channel at∼41.9 km cable distance. a)
Strain rate. b) Spectrogram between 0.2Hz and 125Hz.

Teleseismic events were also recorded (see Sup. Table 1 and Sup. Fig. S1), including P waves.315

Following local earthquakes, mechanical waves propagating through the cable at∼1.4 kms−1 are also sometimes316

detectable.317

Five permanent broadband seismic land stations exist in Madeira and Porto Santo Islands (Fig. 1). However, dur-318

ing the DAS acquisition period, only the stations PMPST and FUL were operational. The FUL station is equipped319

with a short-period seismometer (SH*), while the PMPST station has both a broadband seismometer (HH*) and an320

accelerometer (HN*).321

3.1.1 T phases322

On October 27,th 2023, a small earthquake (M 2.7) east of the Desertas Islands (Fig. 1) was detected by land stations in323

Madeira, Porto Santo, Canary Islands, and also along the entire GeoLab *bre (Fig. 10).324

Figure 10 Record section. Excerpt of a record section for the 27/10/2023M 2.7 event. 125m trace spacing. Band-passed
between 0.5Hz and 20Hz.

In addition to bodywaves (P and S), tertiarywaves (T)were also recorded on theDAS cable. Theywere presumably325

generated at the bathymetric rise of the Desertas Islands, halfway between the epicentre and the GeoLab *bre, and326

recorded on the DAS cable. This is currently the nearest source recording of T phases using DAS or conventional327

instruments.328

14

This is a non-peer reviewed Report submitted to SEISMICA GeoLab Madeira dataset – 3X network

da Investigação, Tecnologia e Inovação (ARDITI), EllaLink, EMACOM and GÉANT. As part of GeoLab, a single dark31

optic !bre on the Madeira branch is made available for research in seismology, oceanography, and biology.32

The GeoLab !bre (Fig. 1) starts at the Cable Landing Station (CLS) of Praia Formosa and extends for∼56 km. It is33

exclusively dedicated to scienti!c research purposes, not interfering with regular commercial tra%c on the remain-34

ing !bre pairs.35

It is currently instrumented with an ASN OptoDAS interrogator (Waagaard et al., 2021), capable of measuring36

optical phase modulation over distances exceeding 125 km, with a !xed channel spacing of 1.02m, using frequency-37

modulated pulses. For the length of the GeoLab !bre, the system can achieve a sampling rate up to 1600Hz. This38

equipment is managed by ARDITI.39

The network code for GeoLab is 8M (Loureiro, 2023) and the dataset used in this article is available through FDSN,40

with network code 3X (Loureiro, 2024).41

Figure 1 Map of the Madeira archipelago, showing locations of the cable and permanent seismic stations. Red line: ap-
proximate location of the GeoLab fibre. Blue triangles: permanent broadband seismic stations. White triangles: permanent
short-period seismic stations. Yellow star: local earthquake recorded during the data acquisition period. Topography and
bathymetry source: GEBCO Compilation Group (2023).

1.1 Optical fibres as distributed sensors42

Optical !bres are used for communication, but can also be used as distributed sensors to derive measurements of43

di*erent physical properties by the analysis of the back-scattering of laser light pulses as they travel along the !bre.44

The position of the scattering elements is determined by the two-way travel time of each light pulse and its back-45

scattering.46

Strain, pressure and temperature induce changes in the refractive index of the !bre, a*ecting not only the prop-47

agation of light along the !bre, but also how the energy that is back-scattered by di*erent processes (Hocker, 1979;48

Hamza et al., 2004; Seabrook et al., 2022; Peláez Quiñones et al., 2023; Becerril et al., 2024).49

Most of the light is back-scattered through elastic Rayleigh scattering, without experiencing wavelength changes50

(Palmieri, 2013). This scattering process is used by Distributed Acoustic Sensing (DAS) to characterise the acoustic51

!eld in terms of amplitude, wavelength, and phase over a wide dynamic range (Lindsey et al., 2020).52

Distributed Strain and Temperature Sensing (DSTS) uses Brillouin scattering (the interaction between the light53

2

Loureiro et al (subm.)


