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geodetic data. The location, geometry and activity rate of faults – all
basic parameters to understand fault dynamics – are usually poorly
known.

Western Iberia and its adjacent offshore (W Iberia), located on the
southwestern tip of the European continent, is a privileged natural lab-
oratory to study lithospheric deformation and earthquake generation in
a slowly deforming environment. W Iberia marks the transition be-
tween a purely strike–slip domain to the west, where the long Gloria
fault accommodates dextral motion between the Eurasian and Nubian
plates, and the generally compressive Mediterranean domain to the
east (e.g. Grimison and Chen, 1986; Buforn et al., 1988a; Sartori et al.,
1994; Serpelloni et al., 2007; Bezzeghoud et al., 2014) (Fig. 1). Locally,
the two plates converge obliquely. The convergence is oriented NW–
SE to WNW–ESE and occurs at a low rate of 3–5 mm/yr (Fernandes
et al., 2003; Serpelloni et al., 2007; Nocquet, 2012). Present-day Global
Navigation Satellite System (GNSS) data indicates that Iberia currently
undergoes negligible horizontal deformation, moving essentially as
one single block attached to Eurasia andwithout significant internal de-
formation, with the exception of the Betics (Fernandes et al., 2007;
Serpelloni et al., 2007; Garate et al., 2014). Recently, Palano et al.
(2015) analysed a dense set of GNSS data and suggested that Iberia ro-
tates slowly with respect to stable Eurasia and that quasi-continuous
straining of the lithosphere occurs in parts of south and west Iberia.
High-resolution analysis of vertical GNSS data reveals that Iberia is gen-
erally subsiding at low rates of less than 1mm/yr, with localised uplift in
the Central System (Serpelloni et al., 2013). This observation is at odds
with analysis of Pleistocene marine terraces, which indicates that
long-term regional uplift in southwest Iberia took place in the recent
geological past at an average rate of 0.1–0.2 mm/yr (Figueiredo et al.,
2014).

In spite of the low deformation rates currently observed in western
Iberia, the region has generated some of the highest magnitude earth-
quakes in the European historical record. Offshore, these include
the 1755 great Lisbon earthquake (M8.5–8.7) and the 1969 M7.9

earthquake. In the intraplate domain, high magnitude earthquakes in-
clude the 1531 M6.5–7.1 earthquake in the Lower Tagus Valley, the
1858 M6.8–7.2 Setúbal earthquake and the 1909 M6 Benavente earth-
quake. The magnitudes proposed for these earthquakes can be found
in the works of Fukao (1973), Johnston (1996), Martins and Mendes
Víctor (2001), Martínez Solares and López Arroyo (2004), Stich et al.
(2005a), Vilanova and Fonseca (2007), Peláez et al. (2007), Stucchi
et al. (2013), and Baptista et al. (2014). Earthquake parameters for
historical earthquakes can be easily visualised and compared at the
AHEAD web portal: http://www.emidius.eu/ahead/main/ (Locati et al.,
2014).

High-magnitude earthquakes in the region have typically been ex-
plained as occurring on inherited fractures (e.g. Zitellini et al., 2004;
Vilanova and Fonseca, 2004; Terrinha et al., 2009; Cabral, 2012;
Carvalho et al., 2014). The basement of mainland Portugal was assem-
bled at the core of the Variscan orogen, a major mountain system that
resulted from the Palaeozoic closure of Pangea (Ribeiro et al., 1979;
Matte, 1986; Matte, 1991). This basement is fractured, containing im-
portant belts of structural weakness. Subsequently, during the Mesozo-
ic, Pangea broke apart and Iberia was separated from North Africa and
North America (Srivastava et al., 1990; Roest and Srivastava, 1991;
Maldonado et al., 1999). The rifting process is thought to have both
reactivated pre-existing fractures and created new ones. Some of the
fractures associated with Mesozoic rifting have been imaged to extend
down through the basement (e.g.: Rovere et al., 2004; Afilhado et al.,
2008). Rifting created ocean basins at the southern and western
edges of mainland Portugal (Wilson, 1975; Rasmussen et al., 1998;
González-Fernández et al., 2001; Terrinha et al., 2002). Later, in the
Cenozoic, Iberia underwent episodes of compression associated with
the convergence between Nubia and Eurasia and closure of the Tethys
Sea (Roest and Srivastava, 1991; Sartori et al., 1994; Maldonado et al.,
1999; González-Fernández et al., 2001). These compressive episodes
are thought to have reactivated pre-existing fractures (Sartori et al.,
1994; Rasmussen et al., 1998). The region offshore south Portugal
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Fig. 1. Seismicity of the Azores–Iberia region. Earthquakes recorded instrumentally since 1996 are shown by small brown dots. Historical earthquakes reported by the SHARE European
Earthquake Catalogue – SHEEC–withmagnitudes larger than5.5 are shownby circleswhose radiuses correlate to themagnitude of the earthquakes (Stucchi et al., 2013). The earthquakes
with magnitudes equal to or larger than 7.0 are labelled with year of occurrence and magnitude. The plate boundaries of the global plate tectonics NNR-MORVEL56 model are shown by
dark blue lines (DeMets et al., 2010; Argus et al., 2011). The surface projection of potentially active faults compiled on the SHARE database are shown by red rectangles, the surface trace of
the faults is marked by a thick red line (Basili et al., 2013; Vilanova et al., 2014). The SHARE faults in western Iberia are underlain by the original fault traces proposed by Cabral (2012)
(green) and Duarte et al. (2013) (blue). The topography in background is taken from the global SRTM30+ model, obtained from satellite altimetry and ship depth soundings (Smith
and Sandwell, 1997; Becker et al., 2009). (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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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
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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
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geodetic data. The location, geometry and activity rate of faults – all
basic parameters to understand fault dynamics – are usually poorly
known.

Western Iberia and its adjacent offshore (W Iberia), located on the
southwestern tip of the European continent, is a privileged natural lab-
oratory to study lithospheric deformation and earthquake generation in
a slowly deforming environment. W Iberia marks the transition be-
tween a purely strike–slip domain to the west, where the long Gloria
fault accommodates dextral motion between the Eurasian and Nubian
plates, and the generally compressive Mediterranean domain to the
east (e.g. Grimison and Chen, 1986; Buforn et al., 1988a; Sartori et al.,
1994; Serpelloni et al., 2007; Bezzeghoud et al., 2014) (Fig. 1). Locally,
the two plates converge obliquely. The convergence is oriented NW–
SE to WNW–ESE and occurs at a low rate of 3–5 mm/yr (Fernandes
et al., 2003; Serpelloni et al., 2007; Nocquet, 2012). Present-day Global
Navigation Satellite System (GNSS) data indicates that Iberia currently
undergoes negligible horizontal deformation, moving essentially as
one single block attached to Eurasia andwithout significant internal de-
formation, with the exception of the Betics (Fernandes et al., 2007;
Serpelloni et al., 2007; Garate et al., 2014). Recently, Palano et al.
(2015) analysed a dense set of GNSS data and suggested that Iberia ro-
tates slowly with respect to stable Eurasia and that quasi-continuous
straining of the lithosphere occurs in parts of south and west Iberia.
High-resolution analysis of vertical GNSS data reveals that Iberia is gen-
erally subsiding at low rates of less than 1mm/yr, with localised uplift in
the Central System (Serpelloni et al., 2013). This observation is at odds
with analysis of Pleistocene marine terraces, which indicates that
long-term regional uplift in southwest Iberia took place in the recent
geological past at an average rate of 0.1–0.2 mm/yr (Figueiredo et al.,
2014).

In spite of the low deformation rates currently observed in western
Iberia, the region has generated some of the highest magnitude earth-
quakes in the European historical record. Offshore, these include
the 1755 great Lisbon earthquake (M8.5–8.7) and the 1969 M7.9

earthquake. In the intraplate domain, high magnitude earthquakes in-
clude the 1531 M6.5–7.1 earthquake in the Lower Tagus Valley, the
1858 M6.8–7.2 Setúbal earthquake and the 1909 M6 Benavente earth-
quake. The magnitudes proposed for these earthquakes can be found
in the works of Fukao (1973), Johnston (1996), Martins and Mendes
Víctor (2001), Martínez Solares and López Arroyo (2004), Stich et al.
(2005a), Vilanova and Fonseca (2007), Peláez et al. (2007), Stucchi
et al. (2013), and Baptista et al. (2014). Earthquake parameters for
historical earthquakes can be easily visualised and compared at the
AHEAD web portal: http://www.emidius.eu/ahead/main/ (Locati et al.,
2014).

High-magnitude earthquakes in the region have typically been ex-
plained as occurring on inherited fractures (e.g. Zitellini et al., 2004;
Vilanova and Fonseca, 2004; Terrinha et al., 2009; Cabral, 2012;
Carvalho et al., 2014). The basement of mainland Portugal was assem-
bled at the core of the Variscan orogen, a major mountain system that
resulted from the Palaeozoic closure of Pangea (Ribeiro et al., 1979;
Matte, 1986; Matte, 1991). This basement is fractured, containing im-
portant belts of structural weakness. Subsequently, during the Mesozo-
ic, Pangea broke apart and Iberia was separated from North Africa and
North America (Srivastava et al., 1990; Roest and Srivastava, 1991;
Maldonado et al., 1999). The rifting process is thought to have both
reactivated pre-existing fractures and created new ones. Some of the
fractures associated with Mesozoic rifting have been imaged to extend
down through the basement (e.g.: Rovere et al., 2004; Afilhado et al.,
2008). Rifting created ocean basins at the southern and western
edges of mainland Portugal (Wilson, 1975; Rasmussen et al., 1998;
González-Fernández et al., 2001; Terrinha et al., 2002). Later, in the
Cenozoic, Iberia underwent episodes of compression associated with
the convergence between Nubia and Eurasia and closure of the Tethys
Sea (Roest and Srivastava, 1991; Sartori et al., 1994; Maldonado et al.,
1999; González-Fernández et al., 2001). These compressive episodes
are thought to have reactivated pre-existing fractures (Sartori et al.,
1994; Rasmussen et al., 1998). The region offshore south Portugal
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Fig. 1. Seismicity of the Azores–Iberia region. Earthquakes recorded instrumentally since 1996 are shown by small brown dots. Historical earthquakes reported by the SHARE European
Earthquake Catalogue – SHEEC–withmagnitudes larger than5.5 are shownby circleswhose radiuses correlate to themagnitude of the earthquakes (Stucchi et al., 2013). The earthquakes
with magnitudes equal to or larger than 7.0 are labelled with year of occurrence and magnitude. The plate boundaries of the global plate tectonics NNR-MORVEL56 model are shown by
dark blue lines (DeMets et al., 2010; Argus et al., 2011). The surface projection of potentially active faults compiled on the SHARE database are shown by red rectangles, the surface trace of
the faults is marked by a thick red line (Basili et al., 2013; Vilanova et al., 2014). The SHARE faults in western Iberia are underlain by the original fault traces proposed by Cabral (2012)
(green) and Duarte et al. (2013) (blue). The topography in background is taken from the global SRTM30+ model, obtained from satellite altimetry and ship depth soundings (Smith
and Sandwell, 1997; Becker et al., 2009). (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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geodetic data. The location, geometry and activity rate of faults – all
basic parameters to understand fault dynamics – are usually poorly
known.

Western Iberia and its adjacent offshore (W Iberia), located on the
southwestern tip of the European continent, is a privileged natural lab-
oratory to study lithospheric deformation and earthquake generation in
a slowly deforming environment. W Iberia marks the transition be-
tween a purely strike–slip domain to the west, where the long Gloria
fault accommodates dextral motion between the Eurasian and Nubian
plates, and the generally compressive Mediterranean domain to the
east (e.g. Grimison and Chen, 1986; Buforn et al., 1988a; Sartori et al.,
1994; Serpelloni et al., 2007; Bezzeghoud et al., 2014) (Fig. 1). Locally,
the two plates converge obliquely. The convergence is oriented NW–
SE to WNW–ESE and occurs at a low rate of 3–5 mm/yr (Fernandes
et al., 2003; Serpelloni et al., 2007; Nocquet, 2012). Present-day Global
Navigation Satellite System (GNSS) data indicates that Iberia currently
undergoes negligible horizontal deformation, moving essentially as
one single block attached to Eurasia andwithout significant internal de-
formation, with the exception of the Betics (Fernandes et al., 2007;
Serpelloni et al., 2007; Garate et al., 2014). Recently, Palano et al.
(2015) analysed a dense set of GNSS data and suggested that Iberia ro-
tates slowly with respect to stable Eurasia and that quasi-continuous
straining of the lithosphere occurs in parts of south and west Iberia.
High-resolution analysis of vertical GNSS data reveals that Iberia is gen-
erally subsiding at low rates of less than 1mm/yr, with localised uplift in
the Central System (Serpelloni et al., 2013). This observation is at odds
with analysis of Pleistocene marine terraces, which indicates that
long-term regional uplift in southwest Iberia took place in the recent
geological past at an average rate of 0.1–0.2 mm/yr (Figueiredo et al.,
2014).

In spite of the low deformation rates currently observed in western
Iberia, the region has generated some of the highest magnitude earth-
quakes in the European historical record. Offshore, these include
the 1755 great Lisbon earthquake (M8.5–8.7) and the 1969 M7.9

earthquake. In the intraplate domain, high magnitude earthquakes in-
clude the 1531 M6.5–7.1 earthquake in the Lower Tagus Valley, the
1858 M6.8–7.2 Setúbal earthquake and the 1909 M6 Benavente earth-
quake. The magnitudes proposed for these earthquakes can be found
in the works of Fukao (1973), Johnston (1996), Martins and Mendes
Víctor (2001), Martínez Solares and López Arroyo (2004), Stich et al.
(2005a), Vilanova and Fonseca (2007), Peláez et al. (2007), Stucchi
et al. (2013), and Baptista et al. (2014). Earthquake parameters for
historical earthquakes can be easily visualised and compared at the
AHEAD web portal: http://www.emidius.eu/ahead/main/ (Locati et al.,
2014).

High-magnitude earthquakes in the region have typically been ex-
plained as occurring on inherited fractures (e.g. Zitellini et al., 2004;
Vilanova and Fonseca, 2004; Terrinha et al., 2009; Cabral, 2012;
Carvalho et al., 2014). The basement of mainland Portugal was assem-
bled at the core of the Variscan orogen, a major mountain system that
resulted from the Palaeozoic closure of Pangea (Ribeiro et al., 1979;
Matte, 1986; Matte, 1991). This basement is fractured, containing im-
portant belts of structural weakness. Subsequently, during the Mesozo-
ic, Pangea broke apart and Iberia was separated from North Africa and
North America (Srivastava et al., 1990; Roest and Srivastava, 1991;
Maldonado et al., 1999). The rifting process is thought to have both
reactivated pre-existing fractures and created new ones. Some of the
fractures associated with Mesozoic rifting have been imaged to extend
down through the basement (e.g.: Rovere et al., 2004; Afilhado et al.,
2008). Rifting created ocean basins at the southern and western
edges of mainland Portugal (Wilson, 1975; Rasmussen et al., 1998;
González-Fernández et al., 2001; Terrinha et al., 2002). Later, in the
Cenozoic, Iberia underwent episodes of compression associated with
the convergence between Nubia and Eurasia and closure of the Tethys
Sea (Roest and Srivastava, 1991; Sartori et al., 1994; Maldonado et al.,
1999; González-Fernández et al., 2001). These compressive episodes
are thought to have reactivated pre-existing fractures (Sartori et al.,
1994; Rasmussen et al., 1998). The region offshore south Portugal

1309, M7
1356, M7.5

1724, M7

1755, M8.5

1761, M7.5

1816, M7

1926, M7 1931, M7.1
1941, M8.3

1969, M7.81975, M8.1

Fig. 1. Seismicity of the Azores–Iberia region. Earthquakes recorded instrumentally since 1996 are shown by small brown dots. Historical earthquakes reported by the SHARE European
Earthquake Catalogue – SHEEC–withmagnitudes larger than5.5 are shownby circleswhose radiuses correlate to themagnitude of the earthquakes (Stucchi et al., 2013). The earthquakes
with magnitudes equal to or larger than 7.0 are labelled with year of occurrence and magnitude. The plate boundaries of the global plate tectonics NNR-MORVEL56 model are shown by
dark blue lines (DeMets et al., 2010; Argus et al., 2011). The surface projection of potentially active faults compiled on the SHARE database are shown by red rectangles, the surface trace of
the faults is marked by a thick red line (Basili et al., 2013; Vilanova et al., 2014). The SHARE faults in western Iberia are underlain by the original fault traces proposed by Cabral (2012)
(green) and Duarte et al. (2013) (blue). The topography in background is taken from the global SRTM30+ model, obtained from satellite altimetry and ship depth soundings (Smith
and Sandwell, 1997; Becker et al., 2009). (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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de Sousa, 1919). This survey and the subsequent efforts to re-
build Lisbon as an earthquake-safe city are commonly described
as the birth of modern seismology and earthquake engineering
(Mineiro, 2005). Other significant historical earthquakes in Por-
tugal include the intraplate 1531M 6.5–7.1 Lower TagusValley

earthquake, the 1858 M 6.8–7.2 Setúbal earthquake, and the
1909 M 6 Benavente earthquake (Martins and Mendes Víctor,
2001; Stich et al., 2005; Vilanova and Fonseca, 2007; Stucchi
et al., 2013; Baptista et al., 2014; Locati et al., 2014). The last
large earthquake in Portugal occurred in 1969. It was anM s 7.9
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▴ Figure 1. Mainland Portugal and southwestern Europe. Portugal is located north of the plate boundary between Nubia (Africa) and
Iberia (Eurasia). Locally, the boundary accommodates oblique convergence oriented northwest–southeast, which occurs at slow rates of
∼4 mm= yr (Fernandes et al., 2003; Serpelloni et al., 2007). The figure shows topography in the background (SRTM30+, Becker et al., 2009),
potentially active faults (thick lines) identified in the European Database of Seismogenic Faults (EDSF) (Vilanova et al., 2014; Basili et al.,
2013), the Gloria fault (thick line) according to the NNR-MORVEL56 plate boundary compilation (Argus et al., 2011, Gordon, and DeMets),
historical earthquakes with magnitude > 5:5 (circles) identified in the SHARE European Earthquake Catalogue (SHEEC) database (Grünthal
and Wahlström, 2012; Stucchi et al., 2013), and instrumental seismicity since 1961 (dots) (Carrilho et al., 2004). The color version of this
figure is available only in the electronic edition.
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Earthquakes in western Iberia 131

Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.

 by guest on Septem
ber 4, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

Earthquakes in western Iberia 131

Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.

 by guest on Septem
ber 4, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 



Custodio et al, 2015

Earthquakes in western Iberia 131

Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.

 by guest on Septem
ber 4, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

Earthquakes in western Iberia 139

Table 2. Characterization of clusters and lineations of epicentres.

Cluster/ Location Orientation Number of Percentage of Observations
lineation earthquakes earthquakes

A Porto-Tomar fault N–S 107 0.73 per cent Clear lineation
B Seia-Lousã and Vilariça faults NNE–SSW, NE–SW 66 0.45 per cent Clear lineation
C Montejunto-Aires-Candeeiros range NNE–SSW 268 1.84 per cent Diffuse (2?)
D Arraiolos WNW–ESE 334 2.29 per cent Clear lineation
E Viana do Alentejo No orientation 240 1.64 per cent Very diffuse
F – No orientation 111 0.76 per cent Very diffuse
G – NNE–SSW 64 0.44 per cent Clear lineation
H Monchique NNE–SSW, E–W 1804 12.36 per cent Clear, 2 lineations
I – No orientation 140 0.96 per cent Very diffuse
J Gorringe NNE–SSW 598 4.10 per cent Clear, diffuse cluster
K Horseshoe Abyssal Plain WNW–ESE 320 2.19 per cent Clear, diffuse lineation (2?)
L – NNE–SSW 1066 7.31 per cent Clear, diffuse cluster
M – WNW–ESE 126 0.86 per cent Clear, diffuse cluster
N – WNW–ESE 498 3.41 per cent Clear, diffuse cluster
O – NNE–SSW 235 1.61 per cent Clear lination
P Guadalquivir/Cadiz NE–SW 1480 10.14 per cent Clear, diffuse cluster (2?)
All – – 7457 51.11 per cent –

that currently forms the Montejunto, Candeeiros and Aire ranges
(Curtis 1999). This inversion is thought to have re-activated Variscan
fractures, namely the Nazaré—Caldas da Rainha—Vimeiro fault
(NCRV) to the NW and the Lower Tagus Valley (LTV) fault to the
SE. The relatively lowered block SE of the LTV fault was filled
with quaternary deposits, currently forming the Lower Tagus Val-
ley basin (Cabral et al. 2003; Vilanova & Fonseca 2004; Carvalho
et al. 2008).

Epicentral locations inside Cluster C are quite disperse and coin-
cide with the Jurassic units (sandstones, limestones and marls) of the
uplifted Montejunto, Candeeiros and Aire ranges. This cluster may
be composed of two smaller clusters, however current earthquake
locations do not allow for a clear subdivision. Most instrumental
earthquakes of M > 3 occur on the northern part of the cluster.
Major earthquakes occurred in the Lower Tagus Valley region in
the historical period, including the 1531 M6.5–7.1 and the 1909 M6
earthquakes. However current earthquake locations do not align
over geologically mapped faults, nor do they collapse into clear
lineations.

5.3 Alentejo (Clusters D, E, F and G)

Two clear lineations (D and G) and two non-directional clusters
(E and F) are identified in Alentejo. None of these clusters and
lineations coincide with geologically mapped faults. Clusters D, E
and F occur NW the Messejana (Alentejo-Placencia, AP) fault. In
fact, the Messejana fault seems to separate a region with a lower
rate of seismic activity, to its SW, from a region with a higher rate of
seismic activity, to its NW. The Messejana fault is a major structure
that crosses the SPZ and OMZ in SW Iberia. Current studies indicate
that the fault is active in Spain but inactive in Portugal, although the
level of activity of the fault remains under debate (Villamor 2002;
Vilanova et al. 2014). Nevertheless, the fault may act as a barrier
to fluids or stress transfer. Alignement D (Arraiolos) is oriented
WNW–ESE. Immediately to its south, cluster E (Viana do Alentejo)
is quite more diffuse and lays above a positive magnetic anomaly
(Supporting Information Fig. S3b), which is likely associated with
the granitoids mapped at the surface. Clusters D and E both contain
instrumental earthquakes with M > 3 and historical earthquakes
with M > 5. The direction of lineation D is parallel to the direction of
the geological units mapped at the surface and to the Variscan suture

zones. Both clusters D and E are located in a region of outcropping
granitoids (granites, granodiorites and tonalites). Clusters F and
G contain instrumental earthquakes of M > 3 but no historical
earthquakes with M > 5. Cluster F is located next to the border
of the Cenozoic sedimentary cover and cluster G lays between the
Messejana fault, to its north, and cluster H (Monchique), to its south.

5.4 Algarve (Clusters H and I)

Cluster H is the most active of all identified clusters. Although it
occupies a very small area, it comprises 1804 earthquakes, corre-
sponding to 12 per cent of all recorded earthquakes. It is located
on the Monchique magmatic complex, which presents active hy-
drothermal activity. This cluster had been previously identified by
Carrilho et al. (2004b), who obtained strike-slip faulting mecha-
nisms for its earthquakes. This cluster seems to be composed of two
lineations, one oriented NNE–SSW and another oriented EW.

Cluster I is composed of earthquakes whose locations are cur-
rently very disperse, precluding any interpretation. There are both
instrumental earthquakes of M > 3 and historical earthquakes with
M >5 in the Algarve region, however at this point they cannot
be clearly associated with microseismic lineations or geologically
mapped faults.

5.5 Offshore (Clusters J to P)

The seismicity off the western coast of Portugal is mostly limited
to the Esporão da Estremadura and to the Galicia bank, with the
abyssal plains showing no evidence of seismic activity. Most earth-
quakes in Portugal occur offshore, south and southwest of mainland,
forming clusters J through P. Most of these clusters contain several
M > 3 instrumental earthquakes. Clusters N and M are those that
contain fewer M > 3 earthquakes. Several historical earthquakes
with M > 5 have occurred in the offshore region, however their lo-
cations are poorly constrained due to the lack of instrumental data,
and therefore we refrain from interpreting them. Cluster J lays under
the Gorringe (Go) bank. Cluster L, one of the most active in terms
of cumulative seismic moment and rate of earthquake occurrence
(Fig. 8), lays at the NE end of the Horseshoe (Ho) fault. Some earth-
quakes located inside cluster L were relocated using a temporary
local OBS network (Geissler et al. 2010). The OBS locations, which
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Figure 9. Relation between earthquake epicentres and geological and geophysical features of WIberia. Epicentres of earthquakes that occurred in 1996–2008
(blue) and 2009–2013 (red) are overlaid on (a) Topography: the detailed bathymetry of the Gulf of Cadiz (inside grey lines, Zitellini et al. 2009) is overlaid on the
global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009); (b) geological map of WIberia, showing the main tectonic units: Galicia-Trás-os-Montes
zone (GTMZ); Central Iberian zone (CIZ); Ossa Morena zone (OMZ); South Portuguese zone (SPZ); Lusitanian basin (LB); Algarve basin (AB); (c) Moho
depth (EPcrust; Molinari & Morelli 2011); (d) map of faults (Cabral 2012; Duarte et al. 2013; Vilanova et al. 2014) (fault names as in Fig. 1); (e) historical
seismicity (SHEEC catalogue; Stucchi et al. 2013); (f) epicentres of earthquakes with M > 3 that occurred between 1996 and 2013 (green dots).

are presumably more accurate than the catalogue locations obtained
from land data only, are generally deviated by ∼15 km to the SW
with respect to land locations. If we assume that all earthquakes
inside cluster L are in reality shifted to the SW by approximately

15 km, cluster L becomes even closer to the mapped NE end of
the Horseshoe fault. Clusters K, N, M and O are not clearly as-
sociated with geologically mapped structures. However, the 1969
MS7.9 earthquake is located near the NW end of cluster K. OBS
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Figure 3. (a) Earthquake locations and focal mechanisms obtained using the Deep Ocean Test Array data
(blue triangles). Shown epicenters were obtained using the PRISM3D model. Earthquakes well located, that is, events
belonging to classes A and B, are color coded according to focal depth. Earthquakes in class C are shown as gray dots.
Major and minor rivers are shown as blue lines. Neotectonic faults are also shown (Cabral, 2012). Dashed contours mark
the Arraiolos Seismic Zone (ASZ) and the Évora Seismic Zone (ESZ). Gray beachballs display regional focal mechanism
solutions (Custódio et al., 2016). Green beachballs are events whose focal mechanisms were calculated in this study
and are numbered according to the event ID (see Table 1). The purple focal mechanism is that of the recent ML 4.9,
15 January 2018 earthquake (IPMA, 2018). Beachballs are scaled according to Mw . In order to facilitate the visualization,
green beach balls are scaled to 120% of its Mw . (b) Fit between observed (black) and synthetic (red) displacement
waveforms for event number 5. Note that the signal that is modeled is composed essentially of S waves. We used
stations in the epicentral distance range of 2–13 km (blue numbers). The EW component of L005 station was removed
from inversion due to instrumental disturbances. The global variance reduction for this inversion is 0.53.

at the edges of the study area, we complemented the data set with data recorded by nearby permanent and
temporary stations. We continuously scanned waveforms, searching for very low amplitude signals coherent
across the network (López-Comino, Cesca, Heimann et al., 2017; López-Comino, Cesca, Kriegerowski et al.,
2017; Matos et al., 2016). Preliminary locations were then computed using LOKI, a waveform-based earthquake
locator (Grigoli et al., 2013, 2014).

The DOCTAR array data have an excellent signal-to-noise ratio. Seismograms of local earthquakes show clear
high-frequency P and S waves. The high signal-to-noise ratio is likely a consequence of wave propagation
in an area of low seismic attenuation (Q0 > 275) (Noriega et al., 2015). Figure S2b, available as supporting
information, shows vertical ground motion recorded during a Mw 2.0 earthquake, located in the center
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Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.
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at the edges of the study area, we complemented the data set with data recorded by nearby permanent and
temporary stations. We continuously scanned waveforms, searching for very low amplitude signals coherent
across the network (López-Comino, Cesca, Heimann et al., 2017; López-Comino, Cesca, Kriegerowski et al.,
2017; Matos et al., 2016). Preliminary locations were then computed using LOKI, a waveform-based earthquake
locator (Grigoli et al., 2013, 2014).

The DOCTAR array data have an excellent signal-to-noise ratio. Seismograms of local earthquakes show clear
high-frequency P and S waves. The high signal-to-noise ratio is likely a consequence of wave propagation
in an area of low seismic attenuation (Q0 > 275) (Noriega et al., 2015). Figure S2b, available as supporting
information, shows vertical ground motion recorded during a Mw 2.0 earthquake, located in the center
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Figure 6. Global Navigation Satellite System velocities (Palano et al., 2015) and S wave velocity perturbations
(Silveira et al., 2016). (a) Global Navigation Satellite System velocities are divided into three groups: north of the
Arraiolos seismic zone (ASZ) (red), south of the ASZ (blue), and others (gray). The top inset shows blue and red velocity
vectors, evidencing the difference in direction and amplitude between ground velocities north and south of the ASZ.
(b) S wave velocity at a depth of 25 km inferred from ambient noise tomography. The S wave velocity perturbation is
shown in percentage relative to the average velocity of 3.91 km/s at 25 km. Red thick lines mark the vertical S wave
profiles presented in (c); dashed lines delimit the areas containing the earthquakes shown in (c). Gray dots are the
epicenters of earthquakes recorded in the period 1969–2016 and black dots are those from the Deep Ocean Test Array
catalog. (c) Magnetic (Miranda et al., 1989) and gravity (Sandwell et al., 2014) anomalies along the selected cross
sections are shown in red and blue, respectively.
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at the edges of the study area, we complemented the data set with data recorded by nearby permanent and
temporary stations. We continuously scanned waveforms, searching for very low amplitude signals coherent
across the network (López-Comino, Cesca, Heimann et al., 2017; López-Comino, Cesca, Kriegerowski et al.,
2017; Matos et al., 2016). Preliminary locations were then computed using LOKI, a waveform-based earthquake
locator (Grigoli et al., 2013, 2014).

The DOCTAR array data have an excellent signal-to-noise ratio. Seismograms of local earthquakes show clear
high-frequency P and S waves. The high signal-to-noise ratio is likely a consequence of wave propagation
in an area of low seismic attenuation (Q0 > 275) (Noriega et al., 2015). Figure S2b, available as supporting
information, shows vertical ground motion recorded during a Mw 2.0 earthquake, located in the center
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Figure 6. Global Navigation Satellite System velocities (Palano et al., 2015) and S wave velocity perturbations
(Silveira et al., 2016). (a) Global Navigation Satellite System velocities are divided into three groups: north of the
Arraiolos seismic zone (ASZ) (red), south of the ASZ (blue), and others (gray). The top inset shows blue and red velocity
vectors, evidencing the difference in direction and amplitude between ground velocities north and south of the ASZ.
(b) S wave velocity at a depth of 25 km inferred from ambient noise tomography. The S wave velocity perturbation is
shown in percentage relative to the average velocity of 3.91 km/s at 25 km. Red thick lines mark the vertical S wave
profiles presented in (c); dashed lines delimit the areas containing the earthquakes shown in (c). Gray dots are the
epicenters of earthquakes recorded in the period 1969–2016 and black dots are those from the Deep Ocean Test Array
catalog. (c) Magnetic (Miranda et al., 1989) and gravity (Sandwell et al., 2014) anomalies along the selected cross
sections are shown in red and blue, respectively.
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Figure 3. (a) Earthquake locations and focal mechanisms obtained using the Deep Ocean Test Array data
(blue triangles). Shown epicenters were obtained using the PRISM3D model. Earthquakes well located, that is, events
belonging to classes A and B, are color coded according to focal depth. Earthquakes in class C are shown as gray dots.
Major and minor rivers are shown as blue lines. Neotectonic faults are also shown (Cabral, 2012). Dashed contours mark
the Arraiolos Seismic Zone (ASZ) and the Évora Seismic Zone (ESZ). Gray beachballs display regional focal mechanism
solutions (Custódio et al., 2016). Green beachballs are events whose focal mechanisms were calculated in this study
and are numbered according to the event ID (see Table 1). The purple focal mechanism is that of the recent ML 4.9,
15 January 2018 earthquake (IPMA, 2018). Beachballs are scaled according to Mw . In order to facilitate the visualization,
green beach balls are scaled to 120% of its Mw . (b) Fit between observed (black) and synthetic (red) displacement
waveforms for event number 5. Note that the signal that is modeled is composed essentially of S waves. We used
stations in the epicentral distance range of 2–13 km (blue numbers). The EW component of L005 station was removed
from inversion due to instrumental disturbances. The global variance reduction for this inversion is 0.53.

at the edges of the study area, we complemented the data set with data recorded by nearby permanent and
temporary stations. We continuously scanned waveforms, searching for very low amplitude signals coherent
across the network (López-Comino, Cesca, Heimann et al., 2017; López-Comino, Cesca, Kriegerowski et al.,
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(Silveira et al., 2016). (a) Global Navigation Satellite System velocities are divided into three groups: north of the
Arraiolos seismic zone (ASZ) (red), south of the ASZ (blue), and others (gray). The top inset shows blue and red velocity
vectors, evidencing the difference in direction and amplitude between ground velocities north and south of the ASZ.
(b) S wave velocity at a depth of 25 km inferred from ambient noise tomography. The S wave velocity perturbation is
shown in percentage relative to the average velocity of 3.91 km/s at 25 km. Red thick lines mark the vertical S wave
profiles presented in (c); dashed lines delimit the areas containing the earthquakes shown in (c). Gray dots are the
epicenters of earthquakes recorded in the period 1969–2016 and black dots are those from the Deep Ocean Test Array
catalog. (c) Magnetic (Miranda et al., 1989) and gravity (Sandwell et al., 2014) anomalies along the selected cross
sections are shown in red and blue, respectively.
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Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.
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Table 2. Characterization of clusters and lineations of epicentres.

Cluster/ Location Orientation Number of Percentage of Observations
lineation earthquakes earthquakes

A Porto-Tomar fault N–S 107 0.73 per cent Clear lineation
B Seia-Lousã and Vilariça faults NNE–SSW, NE–SW 66 0.45 per cent Clear lineation
C Montejunto-Aires-Candeeiros range NNE–SSW 268 1.84 per cent Diffuse (2?)
D Arraiolos WNW–ESE 334 2.29 per cent Clear lineation
E Viana do Alentejo No orientation 240 1.64 per cent Very diffuse
F – No orientation 111 0.76 per cent Very diffuse
G – NNE–SSW 64 0.44 per cent Clear lineation
H Monchique NNE–SSW, E–W 1804 12.36 per cent Clear, 2 lineations
I – No orientation 140 0.96 per cent Very diffuse
J Gorringe NNE–SSW 598 4.10 per cent Clear, diffuse cluster
K Horseshoe Abyssal Plain WNW–ESE 320 2.19 per cent Clear, diffuse lineation (2?)
L – NNE–SSW 1066 7.31 per cent Clear, diffuse cluster
M – WNW–ESE 126 0.86 per cent Clear, diffuse cluster
N – WNW–ESE 498 3.41 per cent Clear, diffuse cluster
O – NNE–SSW 235 1.61 per cent Clear lination
P Guadalquivir/Cadiz NE–SW 1480 10.14 per cent Clear, diffuse cluster (2?)
All – – 7457 51.11 per cent –

that currently forms the Montejunto, Candeeiros and Aire ranges
(Curtis 1999). This inversion is thought to have re-activated Variscan
fractures, namely the Nazaré—Caldas da Rainha—Vimeiro fault
(NCRV) to the NW and the Lower Tagus Valley (LTV) fault to the
SE. The relatively lowered block SE of the LTV fault was filled
with quaternary deposits, currently forming the Lower Tagus Val-
ley basin (Cabral et al. 2003; Vilanova & Fonseca 2004; Carvalho
et al. 2008).

Epicentral locations inside Cluster C are quite disperse and coin-
cide with the Jurassic units (sandstones, limestones and marls) of the
uplifted Montejunto, Candeeiros and Aire ranges. This cluster may
be composed of two smaller clusters, however current earthquake
locations do not allow for a clear subdivision. Most instrumental
earthquakes of M > 3 occur on the northern part of the cluster.
Major earthquakes occurred in the Lower Tagus Valley region in
the historical period, including the 1531 M6.5–7.1 and the 1909 M6
earthquakes. However current earthquake locations do not align
over geologically mapped faults, nor do they collapse into clear
lineations.

5.3 Alentejo (Clusters D, E, F and G)

Two clear lineations (D and G) and two non-directional clusters
(E and F) are identified in Alentejo. None of these clusters and
lineations coincide with geologically mapped faults. Clusters D, E
and F occur NW the Messejana (Alentejo-Placencia, AP) fault. In
fact, the Messejana fault seems to separate a region with a lower
rate of seismic activity, to its SW, from a region with a higher rate of
seismic activity, to its NW. The Messejana fault is a major structure
that crosses the SPZ and OMZ in SW Iberia. Current studies indicate
that the fault is active in Spain but inactive in Portugal, although the
level of activity of the fault remains under debate (Villamor 2002;
Vilanova et al. 2014). Nevertheless, the fault may act as a barrier
to fluids or stress transfer. Alignement D (Arraiolos) is oriented
WNW–ESE. Immediately to its south, cluster E (Viana do Alentejo)
is quite more diffuse and lays above a positive magnetic anomaly
(Supporting Information Fig. S3b), which is likely associated with
the granitoids mapped at the surface. Clusters D and E both contain
instrumental earthquakes with M > 3 and historical earthquakes
with M > 5. The direction of lineation D is parallel to the direction of
the geological units mapped at the surface and to the Variscan suture

zones. Both clusters D and E are located in a region of outcropping
granitoids (granites, granodiorites and tonalites). Clusters F and
G contain instrumental earthquakes of M > 3 but no historical
earthquakes with M > 5. Cluster F is located next to the border
of the Cenozoic sedimentary cover and cluster G lays between the
Messejana fault, to its north, and cluster H (Monchique), to its south.

5.4 Algarve (Clusters H and I)

Cluster H is the most active of all identified clusters. Although it
occupies a very small area, it comprises 1804 earthquakes, corre-
sponding to 12 per cent of all recorded earthquakes. It is located
on the Monchique magmatic complex, which presents active hy-
drothermal activity. This cluster had been previously identified by
Carrilho et al. (2004b), who obtained strike-slip faulting mecha-
nisms for its earthquakes. This cluster seems to be composed of two
lineations, one oriented NNE–SSW and another oriented EW.

Cluster I is composed of earthquakes whose locations are cur-
rently very disperse, precluding any interpretation. There are both
instrumental earthquakes of M > 3 and historical earthquakes with
M >5 in the Algarve region, however at this point they cannot
be clearly associated with microseismic lineations or geologically
mapped faults.

5.5 Offshore (Clusters J to P)

The seismicity off the western coast of Portugal is mostly limited
to the Esporão da Estremadura and to the Galicia bank, with the
abyssal plains showing no evidence of seismic activity. Most earth-
quakes in Portugal occur offshore, south and southwest of mainland,
forming clusters J through P. Most of these clusters contain several
M > 3 instrumental earthquakes. Clusters N and M are those that
contain fewer M > 3 earthquakes. Several historical earthquakes
with M > 5 have occurred in the offshore region, however their lo-
cations are poorly constrained due to the lack of instrumental data,
and therefore we refrain from interpreting them. Cluster J lays under
the Gorringe (Go) bank. Cluster L, one of the most active in terms
of cumulative seismic moment and rate of earthquake occurrence
(Fig. 8), lays at the NE end of the Horseshoe (Ho) fault. Some earth-
quakes located inside cluster L were relocated using a temporary
local OBS network (Geissler et al. 2010). The OBS locations, which
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Figure 1: Tectonic setting. (a) Location of Iberia in the eastern margin of the Atlantic Ocean, 103 
between Africa and Eurasia plate collision (Alpine orogeny). AGFZ: Azores-Gibraltar fault zone. 104 
(b) Stress azimuths (most-compressive horizontal principal stress directions) and (c) strain rate, 105 
as modeled by the neotectonic modeling of Neres et al. (2016); adapted to show a zoom for the 106 
relevant area. (d) Magnetic anomaly map resulting from the compilation of the (onshore) 107 
aeromagnetic map of Iberia (Miranda et al., 1989; Socias and Mezcua, 2002) and the (offshore) 108 
marine magnetic survey of Neres et al. (2023) (adapted from Neres et al. (2023)). Main 109 
magnetic anomalies are identified: the high-amplitude WILCAP intrusive complexes of Sintra, 110 
Cabo Raso, Sines, Côvo and Monchique; the Beja igneous complex (BIC) and Évora granitoid 111 
rocks (EG) within the Paleozoic Ossa Morena Zone; and the low-amplitude anomaly coincident 112 
with the Estremadura calcareous massif of Jurassic age (ECM). (e) Topographic map of SW 113 
Iberia, showing: epicenters of earthquakes in the Portuguese national seismic catalog for the 114 
2007-2023 period (brown dots) (IPMA, 2023, 2006); active and probable faults identified in the 115 
neotectonic map of Cabral (2012) (green); faults considered active in the European Fault-116 
Source Model 2020 (red, EFSM20) (Basili et al., 2023); and seismic stations used in this study 117 
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(dark blue triangles; Table S1). The black rectangle identifies the region used for earthquake 118 
relocation in this work. The white rectangle locates the area plotted in Figure 2. 119 

 120 

 121 

Figure 2: Geological setting. (a) Onshore geological map (1:10
6
; https://geoportal.lneg.pt/) 122 

shaded by topographic relief. See Figure 1e for location. (b) Field photo during the drone 123 
magnetic survey, showing the MagDrone R3 magnetometer. (c) Detailed geological map of the 124 
Monchique Igneous Complex, adapted from Gonzalez-Clavijo and Valadares (2003); Valadares 125 
(2004). The three main hydrothermal springs are labeled: Caldas de Monchique (CM), Fonte 126 
Santa da Malhada Quente (FSMQ) and Fonte Santa da Fornalha (FSF). 127 

 128 
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Due to technical limitations (drone autonomy and communication distance) it was not possible 247 

to conduct the survey on a regular grid. However, a good compromise was achieved by flying 248 

along several sets of lines joining at a central point (Figure 3b). This surveying scheme allowed 249 

a detailed mapping of several small areas that led to an unprecedented definition of the 250 

Monchique anomaly (c.f. Camargo, 2022). 251 

Acquired magnetic data were processed for subtraction of the main field magnitude assuming 252 

the International Geomagnetic Reference Field model (IGRF) (Thébault et al., 2015) and for 253 

subtraction of the external field variation using base station data from the IPMA’s São 254 

Teotónio magnetic base station (Neres et al., 2023). Reduction to the pole (RTP) was applied to 255 

the processed data considering the local IGRF inducing field (43658 nT; declination 50.8°; 256 

inclination -1.4°). Magnetic data were gridded using a minimum curvature algorithm for 30 m 257 

cell size. 258 

 259 

 260 

Figure 3: Location of gravity and magnetic data surveys, overlaid on the DEM (digital elevation 261 
model) grid. (a) Ground gravity measurement points. Red triangles: SPIDER project survey (this 262 
work); blue circles: IGP data points (national gravity survey). (b) Drone survey flight lines used 263 
for aeromagnetic data acquisition for this work. The white rectangle delimits the area shown in 264 
Figure 6. 265 

 266 

For a regional characterization and modeling of the magnetic anomaly field we also used the 267 

aeromagnetic map of Iberia (Figure 1d) (Socias and Mezcua, 2002), which results from the 268 
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location of mapped gabbros (G in Figure 6) or inferred subcropping gabbros (G*). Syenite 498 

surrounds the gabbroic bodies at the surface.  499 

Model A (Figure 8a) follows more closely the results of the 3D inversion model, with its limits 500 

defined by the S=0.02 SI isosurfaces. In this model, the intrusion has a “fork-like” morphology, 501 

comprising the main gabbro intrusion (S=0.076 SI) connected to another shallower branch that 502 

splits into two thinner ones. Based on the geological map, we delimited in our profile the 503 

outcropping location of the different syenite units and defined two distinct bodies: nuclear 504 

syenite (S=0.020 SI) and boundary syenite (S=0.025 SI). 505 

Model B (Figure 8b) has further insight from the Terrinha et al. (2017) models for the Sintra 506 

intrusion. It comprises two separated plug-like gabbro bodies (S=0.095 SI and S=0.068 SI), and 507 

a laccolithic syenite body (S=0.02) surrounding the gabbroic plugs at depths up to ~1.3 km 508 

below the surface.   509 

 510 

 511 

Figure 8: 2D Forward magnetic modeling estimating the in-depth structure of the Monchique 512 

intrusion. (a, b) Two possible alternative models (A and B). Top panels: magnetic profile with 513 

observed and calculated magnetic anomaly. Bottom panels: depth profiles with the modeled 514 

susceptibility bodies. (c) Location of the shown profile. Both models show a goof fit with the 515 

observed anomaly, which is achieved by two main features: a main plug-like (or dike-like, 516 

across profile) high susceptibility gabbroic body reaching depths of 7-8 km; and secondary 517 

thinner and shallower gabbroic bodies emplaced to its north and possibly connected, which 518 
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 328 

Figure 4: Velocity models tested for earthquake relocation. (a) In-depth variation of the P-wave 329 

velocity (Vp, full lines) and S-wave velocity (Vs, dashed lines), for: IGN1D model (Custódio et al., 330 

2015) in blue; lateral averages of the PRISM3D (Arroucau et al., 2021) in green; and of PT3D 331 

(Veludo et al., 2017) in red. (b; c) Horizontal cut at a depth of 12 km through (b) PRISM3D and 332 

(c) PT3D models, showing the lateral variation of P-wave velocity. Earthquake epicenters from 333 

IPMA’s catalog are shown as brown dots. The rectangle delimits the earthquakes selected for 334 

relocation. 335 

 336 

Next, we analyzed the frequency-magnitude distribution of the relocated earthquakes, 337 

considering the magnitudes provided by IPMA’s catalog (IPMA, 2023, 2006). We divided our 338 

catalog into two subsets: an inner subset containing the earthquakes at the core of the cluster 339 

(-8.63˚E < Lon < -8.47˚E; 37.30˚N < Lat < 37.35˚N; depth between 8 km and 20 km), and an 340 

outer subset containing all the surrounding earthquakes. We estimated the magnitude of 341 

completeness (Mc) and b-value (i.e., the exponent in the Gutenberg–Richter law) for the two 342 

subsets of earthquakes.  343 

Focal mechanisms were computed using both moment tensor inversion and first motion 344 

polarities. Waveform moment tensor inversion was computed using ISOLA (Sokos and 345 

Zahradník, 2013, 2008), for earthquakes whose waveforms have a good signal to noise ratio, 346 

which are typically the higher magnitude earthquakes. Waveforms were first demeaned, 347 

detrended, decimated to a lower time step (0.1 sec), and deconvolved of instrumental 348 

response. Then, a bandpass filter was applied, with lower (f1) and upper (f2) limits in the 349 

ranges 0.03 Hz < f1 < 0.35 Hz and 0.1 Hz < f2 < 0.75 Hz. Green’s functions were computed 350 

based on a 1D velocity model commonly used in previous moment tensor studies of the region 351 

and similar to IGN1D (Custódio et al., 2016, 2012; Domingues et al., 2013; Stich et al., 2003). A 352 

least squares inversion was then applied to find the moment tensor that leads to synthetic 353 

waveforms that best fit the observed waveforms. Quality indicators were computed to assess 354 

the robustness of the solutions, namely the percentage of double couple (%DC), variance 355 
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the surrounding southern Portugal, and suggest that an unknown
structure located in the SW nearshore is needed to justify this differential
uplift (Figueiredo, 2015; Figueiredo et al., 2019).

5.2. The Monchique magnetic anomaly revisited

Our new drone-borne magnetic survey allowed us to map with un-
precedented resolution the magnetic anomaly field caused by the

Monchique magmatic intrusion. Despite technical limitations that
hampered a regular survey, it was possible to define the E-W and N-S
extensions, and the respective wavelength of the magnetic dipole. This
increase in the mapping resolution was essential allowing additional
calculations such as reduction to the pole (RTP), and to constrain the 3D
inversion modeling. We note, however, that the eastern limit of the
anomaly was not completely sampled (RTP, Fig. 6c); consequently, the
inverted high-susceptibility volume is clipped at east and its E-W

Fig. 10. Monchique seismic catalog after earthquake relocation with PT3D velocity model (earthquakes recorded during the period between 01/01/2007 and 01/
07/2023). a) Map view; b) Latitudinal cross-section; c) Longitudinal cross-section. Earthquake hypocenters (dots) are overlaid on earthquake density (colored
background). The black rectangle delimits the inner core area used to compute the Guttenberg-Richter law (vs. the outer area). The inner earthquakes at the core of
the cluster are represented as blue dots and outer earthquakes as black dots. Earthquakes excluded due to lower quality locations are shown by gray dots. (d)
Gutenberg-Richter law of inner (blue) and outer (black) earthquakes. The b-value is 1.24 for the inner earthquakes and 0.86 for the outer earthquakes. (e) Focal
mechanism solutions computed by moment tensor inversion (Table 1), overlaid on earthquake density. (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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anomaly was not completely sampled (RTP, Fig. 6c); consequently, the
inverted high-susceptibility volume is clipped at east and its E-W

Fig. 10. Monchique seismic catalog after earthquake relocation with PT3D velocity model (earthquakes recorded during the period between 01/01/2007 and 01/
07/2023). a) Map view; b) Latitudinal cross-section; c) Longitudinal cross-section. Earthquake hypocenters (dots) are overlaid on earthquake density (colored
background). The black rectangle delimits the inner core area used to compute the Guttenberg-Richter law (vs. the outer area). The inner earthquakes at the core of
the cluster are represented as blue dots and outer earthquakes as black dots. Earthquakes excluded due to lower quality locations are shown by gray dots. (d)
Gutenberg-Richter law of inner (blue) and outer (black) earthquakes. The b-value is 1.24 for the inner earthquakes and 0.86 for the outer earthquakes. (e) Focal
mechanism solutions computed by moment tensor inversion (Table 1), overlaid on earthquake density. (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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Figure 2. Evolution of the Portuguese seismic network and earthquake catalogue: 1961–1995 (first column), 1996–2008 (second column) and 2009–2013
(third column). Between 1961 and 1969, only three stations operated in Portugal (a, grey triangles). After the occurrence of an MS7.9 earthquake in 1969, the
national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles).
In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations
were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely
covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was
complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961–1995, (e) 1996–2008
and (f) 2009–2013. Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves.
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Figure 1. Setting of western Iberia. (a) Location of WIberia, at the southwestern edge of the European continent. (b) Geological map of WIberia, showing the
main tectonic units: Galicia-Trás-os-Montes zone (GTMZ), Central Iberian zone (CIZ), Ossa Morena zone (OMZ), South Portuguese zone (SPZ), Lusitanian
basin (LB) and Algarve basin (AB). (c) Topographic map with historical earthquakes and potentially active faults. The detailed bathymetry of the Gulf of
Cadiz (inside grey lines, Zitellini et al. 2009) is overlaid on top of the global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009). Circles show the
locations of historical earthquakes with magnitudes larger than 5 documented on the SHEEC catalogue (1000–1899) (Stucchi et al. 2013; Locati et al. 2014).
Circle’s radius correlates to earthquake magnitudes. The dates and magnitudes of earthquakes with magnitudes larger than 6 are displayed. Earthquakes with
unknown magnitudes are identified as ‘M?’ (no circles are displayed in this case). The location of offshore earthquakes that occurred in the historical period
have high uncertainties. Potentially active faults identified on the SHARE database (Basili et al. 2013; Vilanova et al. 2014) are shown in red. (d) Map of
potentially active faults. Red: faults identified on the SHARE database (Basili et al. 2013; Vilanova et al. 2014). Thick red lines mark the surface traces of
the faults and shaded rectangles mark the surface projections of the fault planes. Green: surface traces of the faults identified by Cabral (2012). Blue: offshore
features after Duarte et al. (2013). PT: Porto-Tomar fault; PRV: Penacova-Régua-Verı́n fault; MVB: Manteigas-Vilariça-Bragança fault; SL: Seia-Lousã fault;
Po: Ponsul fault; NCRV: Nazaré-Caldas da Rainha-Vimeiro fault; Ot: Ota fault; LTV: Lower Tagus Valley fault; PNS: Pinhal Novo-Setúbal fault; PA: Porto Alto
fault; AP: Alentejo-Placencia (Messejana) fault; VM: Vidigueira-Moura fault; SE: S. Estevão fault; Qu: Quarteira fault; Po: Portimão fault; AST: Azambuja-S.
Teotónio fault; Go: Gorringe fault; MP: Marquês do Pombal fault; Ho: Horseshoe fault; CPR: Coral Patch Ridge fault; PB: Portimão Bank fault; CW: Cadiz
Wedge; SWIM-1/2: SouthWest Iberia Margin lineaments; Cad: Cadiz fault.

lies directly north of the boundary between the Eurasian and Nubian
plates. Locally, the two plates converge obliquely at a low rate of
2–5 mm yr−1 (Fernandes et al. 2007; Serpelloni et al. 2007; Noc-
quet 2012). Mainland Portugal lays on stable continental crust, in a
typical intraplate setting (Pinheiro et al. 1996; Vilanova & Fonseca
2007). The region offshore southwest Iberia is considered a diffuse
plate boundary, where plate motion is thought to be accommodated
along a distributed fault network rather than along a single plate
boundary fault (Grimison & Chen 1986; Sartori et al. 1994; Terrinha
et al. 2009; Zitellini et al. 2009). Nevertheless, throughout history
Portugal has been repeatedly affected by notably large and damaging
earthquakes, nucleated both onshore and offshore (Fig. 1). These
include the largest earthquake in the European historical record—
the 1755 great Lisbon earthquake (M8.5–8.7, nucleated offshore),
the 1969 M7.9 earthquake, also nucleated offshore (Fukao 1973),
and some of the largest European intraplate earthquakes, namely the
1531 M6.5–7.1 Lower Tagus Valley earthquake, the 1858 M6.8–7.2
Setúbal earthquake, and the 1909 M6 Benavente earthquake (Stich
et al. 2005). The various proposed magnitudes for the historical
earthquakes, as well as intensity data points, can be found in the
AHEAD web portal: http://www.emidius.eu/ahead/main/ (Stucchi

et al. 2013; Locati et al. 2014). The region also hosts interesting
offshore earthquakes that occur at depths of 40–60 km on old, cold
and brittle lithospheric mantle (Grimison & Chen 1986; Stich et al.
2003, 2010; Geissler et al. 2010; Custódio et al. 2012; Domingues
et al. 2013).

The tectonic features of WIberia are closely related to the accre-
tion of Pangea (Paleozoic), to its subsequent break-up (Mesozoic),
and to the more recent collision of Africa against Eurasia and clo-
sure of the Tethys ocean (Cenozoic) (Ribeiro et al. 1979; Pinheiro
et al. 1996; Dias et al. 2013). The basement of the Iberian peninsula
is composed of blocks of different provenances that were amalga-
mated together during the closure of Pangea, and metamorphosed
to different degrees at the core of the Variscan orogen, a large-
scale mountain belt that extended across Europe and connected to
the Appalachian Mountains in the west and to the Urals in the East
(Arthaud & Matte 1977; Matte 1986). Remnants of oceanic seafloor
can be found trapped between some of the continental blocks. The
Variscan orogeny was responsible for the formation of major faults
in mainland Portugal, which were later repeatedly reactivated under
different stress regimes (Ribeiro et al. 1990; Cabral 2012). To-
day, some of these inherited structural weaknesses still host both
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abrange a área de Trás-os-Montes obteve-se um 
erro associado de 14,4249 m. 
Após o tratamento das imagens de satélite, 
procedeu-se à marcação e classificação dos 
lineamentos com base na imagem compósita 
RGB-453, pois esta realça os elementos lineares 
presentes. A identificação e marcação dos 
lineamentos foi efectuada por análise visual 
sobre a imagem exposta no monitor, tendo-se 
marcado todos os lineamentos visíveis até uma 
ampliação correspondendo à escala aproximada 
1/110.000. 
Por identificação directa na imagem, ou por 
comparação com a cartografia disponível, 
excluíram-se todas as estruturas de origem 
antropomórfica. 

 
Fig. 2- Imagem representativa da classificação 
dos lineamentos segundo os critérios 
estabelecidos. 
 
A classificação dos lineamentos foi realizada 
estabelecendo-se previamente as seguintes 
categorias: 

• Lineamentos que correspondem a 
acidentes tectónicos cartografados (falhas certas 
ou prováveis); 

• Lineamentos de natureza estratigráfica, 
que correspondem no geral a limites geológicos; 

• Lineamentos que correspondem a 
alinhamentos de filões, sem estarem associados 
a acidentes tectónicos cartografados; 

• Lineamentos sem correspondência com 
qualquer elemento geológico cartografado. 
Diferenciaram-se também os lineamentos 
identificados na região de Espanha, cuja 
classificação não foi possível fazer. Todas estas 
categorias foram especificadas no 
Microstation® segundo diferentes níveis, 
utilizando-se traços distintos para os 
lineamentos certos e duvidosos. 
Por fim realizou-se um tratamento estatístico 
dos lineamentos, que consistiu na sua análise 
espacial recorrendo às aplicações em Fortran 
MS-DOS referidas acima.  
Estas aplicações dão-nos inicialmente uma 
tabela com os comprimentos e azimutes dos 
lineamentos, permitindo desta forma obter 

frequências relativas dos azimutes ponderando, 
ou não, com o respectivo comprimento. Estes 
dados foram processados pelo programa 
StereoNett® e Excel®, obtendo-se diagramas de 
rosa e gráficos (barra e dispersão) 
respectivamente. 
Após a determinação dos azimutes e 
comprimentos dos lineamentos foi possível 
definir intervalos de direcções de forma a 
compreender a distribuição destes elementos na 
área estudada. 
 
Resultados 
 
Foi assim marcado um total de 3516 
lineamentos nas duas cenas, entre os quais: 

• 562 lineamentos que correspondem a 
acidentes tectónicos cartografados prováveis; 

Silva et al, 2006
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Figure 6. Structural map of SW Iberia superimposed on differential
reduction to the pole (DRTP) data. The map, when combined with
the interpreted seismic data, highlights the presence of localized,
early stage fold-and-thrust belts between the Sintra and Sines mag-
matic complexes and west of this latter complex. Structures mapped
are fault zones that are hard linked at depth to constitute > 200 km
long features. Note that the white triangles indicate normal faults
reactivated with a reverse movement, contrasting with the common
black triangles, or “teeth”, of thrust faults. DRTP data are provided
by Getech UK.

Following the methodology in this paper, Fig. 9 shows a
graphical representation of local uplift and horizontal advec-
tion associated with fault reactivation for the entire Atlantic
margin of SW Iberia. The data plotted in Fig. 9 highlight
important differences amongst the magnitude of uplift and
horizontal advection recorded by the faults mapped in this
work.

By comparing the maps in Fig. 9 with the graphs in Fig. 10
it becomes clear that the principal structures accommodat-
ing tectonic inversion in SW Iberia are Faults 3, 7 and the
northern part of Fault 11. Of particular interest is the recog-
nition of a corridor of deformation near the Sines Magmatic
Complex and its offshore continuation (Figs. 6, 7 and 9).
No major fault reactivation is recorded in the areas where
these anomalies occur (e.g. Faults 12, 13, and 26). In con-
trast, all faults show enhanced uplift and horizontal advec-
tion west of Fault 12 and 23, and the offshore prolongation
of the Sines and Monchique magmatic complexes (Fig. 9).

This is interpreted as proving a clear effect of sub-surface
magmatic bodies on the magnitude of tectonic reactivation
in SW Iberia, particularly west of the Sines Magmatic Com-
plex and between this latter and the Estremadura Spur further
north (Figs. 5, 8 and 9). In this more central region of western
Iberia, the broad intrusion of Upper Cretaceous magma up-
lifted the so-called Estremadura Spur before the main phases
of Cenozoic compression, and made this sector structurally
higher (uplifted) in relation to the cooling, subsiding Tagus
and Iberian Abyssal Plains that surround it.

Further south, the magnetic anomalies that extend offshore
from Sines indicate the presence of a significant area in-
truded by Upper Cretaceous magma, as recently recognized
by Neres et al. (2023b) (Figs. 6 and 9). A wide number
and variety of magmatic bodies were recognized by Neres et
al. (2023b) and include kilometre-scale deeply intruded plu-
tons to small plug-like and dike-like intrusions. The intrusion
of these magmatic bodies was controlled by the crustal tec-
tonic fabric inherited from the Paleozoic Variscan orogeny,
which was later reactivated during Mesozoic rifting and sub-
sequent Alpine collision. When interpreting the graphs and
maps in Figs. 9 and 10, it becomes clear that the area intruded
by this Upper Cretaceous magma records limited faulting and
constitutes a structural buttress ahead of which most of the
uplift and horizontal advection is accommodated by Fault 3
and major thrusts oceanwards from this latter structure.

Another key aspect is that the structures mapped in this
work consist of large fault corridors at depth, essentially syn-
rift normal fault strands that were hard-linked during Alpine-
related compression. In contrast to previous data in Terrinha
et al. (2003), the faults which accommodated most of the
Cenozoic compression are not limited to frontal thrusts of a
relatively shallow basal detachment. Instead, the set of faults
occurring on the mid-continental slope – Faults 3, 7 and the
northern part of Fault 11 – together record the greatest cumu-
lative values of uplift and horizontal advection. Their lower
tips are either rooted in (or offsetting) syn-rift strata or link to
syn-rift faults at depths in excess of 9.0 s two-way travel time
(⇠ 10–12 km). In addition, Faults 23, 24 and 25 are also im-
portant structures accommodating strain to the northwest of
the Monchique Magmatic Complex and the Sagres Plateau
(Figs. 4 and 9).

7 Discussion

7.1 Structural controls on Alpine deformation offshore
West Iberia

The data in this paper point to important tectonic reactivation
offshore central and SW Iberia since the Late Cretaceous,
first associated with the intrusion of magma in parts of its
proximal margin and the Estremadura Spur and later via the
reactivation of syn-rift faults, which became laterally linked
structures (Fig. 8). Relatively large igneous edifices occur in
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Figure 4.1: Study region encompassing the Iberian Peninsula and North Morocco. The
seismic stations used in our detection are depicted in the left panel, with permanent stations
denoted by blue triangles and temporary seismic deployments by red squares. The right
panel shows identified Quaternary active faults according to the Institute of Geology and
Mines of Spain (IGME) database marked by red lines and debated active faults in blue
(Garcı́a-Mayordomo et al., 2012).

quakes. Still, the question if the areas delineated by these smaller earthquakes indicate

structures responsible for generating large SDR earthquakes, similar to earthquakes along

plate boundaries, is still debated (e.g., Calais et al., 2016; Kafka, 2007; Matos et al., 2018;

Wolin et al., 2012). Additionally, the small magnitude activity in SDRs has been in many

instances described as spatially diffuse, precluding comparisons with geologic maps and

known tectonic structures (Chapman et al., 2016; Custódio et al., 2015). But with the im-

provement of seismic networks, the increasing temporary seismic deployments and new

location techniques, several studies have shown that the majority of microseismicity in

SDRs collapses into lineaments and clusters (e.g Chapman et al., 2016; Custódio et al.,

2015; López-Fernández et al., 2018).
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São Jorge seismic-volcanic crisis - Hicks et al. 5

São Jorge seismic-volcanic crisis - Hicks et al. 15
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Fig. 4: High-precision seismicity relocations and joint GNSS-InSAR dike opening model. (a) Map view, with seismic events coloured
according to their depth, with focal mechanisms annotated. White dashed lines are surface fault traces fromMendes et al. (2013).
Purple arrows show the migration of the precursory seismicity clusters. White triangles are seismic stations. Contour lines are plotted
for every 250m of elevation. The inset rose diagram shows focal mechanism strikes compared with the dike and average fault strikes.
(b) Island-perpendicular cross-section, A-A’. VE = volcanic edifice. c) Arc-perpendicular cross-section, with a focus on the main
clusters of seismicity. (c) Along-strike cross-section, C-C’. Labelled clusters of seismicity are discussed in the text.
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Fig. 4: High-precision seismicity relocations and joint GNSS-InSAR dike opening model. (a) Map view, with seismic events coloured
according to their depth, with focal mechanisms annotated. White dashed lines are surface fault traces fromMendes et al. (2013).
Purple arrows show the migration of the precursory seismicity clusters. White triangles are seismic stations. Contour lines are plotted
for every 250m of elevation. The inset rose diagram shows focal mechanism strikes compared with the dike and average fault strikes.
(b) Island-perpendicular cross-section, A-A’. VE = volcanic edifice. c) Arc-perpendicular cross-section, with a focus on the main
clusters of seismicity. (c) Along-strike cross-section, C-C’. Labelled clusters of seismicity are discussed in the text.
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Offshore seismicity

sector. Its lower horizon truncates the underlying sequence. The
Mw-Q seismic unit probably results from the deposition of hemi-pe-
lagic sediments and turbidites from the Miocene through present.

The Pliocene-Quaternary deformation imaged in the IAM-GB1 pro-
file is mostly localized in the northeast sector and is materialized by a
NE-dipping thrust system. Some of the faults show evidences for early
extensional kinematics affecting up to the seismic unit Cr-Pg. The base-
ment compressive tectonics affects the top of the AUGC. To the south-
west, the profile intersects the SWIM 1 fault zone, which has been
shown to mediate seafloor to basement fluid circulation (Hensen et
al., 2015). This structure is depicted down to the basement. The cross
cut relationship between the SWIM 1 fault and the recent sediments
cannot be assessed using IAM-GB1 due to its low vertical resolution.
However, such relationships have been discussed by various other au-
thors (e.g. Zitellini et al., 2009 and Bartolome et al., 2012).

By observing the profile, it is possible to see that the change in tec-
tonic styles is coincident with variations in themorphology of the base-
ment. The compressive tectonic deformation concentrates in i) the limit
between the crust with oceanic affinity and what is presumed to be ex-
humed (continental?) mantle (Figs. 1B and 3) and ii) near the location
of the southern seismic cluster (according with Geissler et al., 2010).
The discrepancy between the oceanic crust and exhumed serpentinized
mantle boundaries marked in this work and the ones presented by
Martínez-Loriente et al. (2014) are minor and may result from the lim-
ited resolution of the available data.

4. Results

4.1. The Gulf of Cadiz seismicity

The NEAREST OBS network allowed improving the source locations
of the earthquakes in Gulf of Cadiz area. Previous earthquakes detection

and location were made using only land stations, which have restricted
and asymmetric geographical distributions. This resulted in a limited
knowledge of the offshore sources of seismic activity. Geissler et al.
(2010), using a preliminary selection of 36 events of the NEAREST net-
work, had already showed the importance of using OBS networks to ob-
tain more accurate hypocenter locations in this area.

The presentwork reports the final results from theNEARESTOBS ex-
periment, which include 443 events identified simultaneously in N6 sta-
tions within the deployment area. The root mean square travel time
residual is 0.275 s. The mean errors for longitude, latitude and depth
are 2.6 km, 3.7 km and 6.8 km, respectively.

The seismicity recorded with the NEAREST network registered local
magnitudes ranging from 1.1 to 4.8. The highest magnitude earthquake
had a ML = 4.8 and occurred at the São Vicente Canyon on the January
11st, 2008, at 00:21 a.m.

Visual inspection of the hypocenters distribution in Fig. 4 shows
three well defined clusters: i) a northern cluster, in the area of the São
Vicente Canyon (in blue), ii) a western cluster, in the Gorringe Bank
(in red), and iii) a southern cluster, at the SW termination of the Horse-
shoe Fault (in pink). In addition to these three clusters, scattered seis-
micity was recorded in the areas of the Guadalquivir Bank, Portimão
Bank, Coral Patch Ridge and the Gulf of Cadiz Accretionary Wedge (in
green). Some regional and teleseismic events were also recorded, how-
ever they are not analyzed in this work (for more details see Monna et
al., 2013). A striking feature is that 84% of the registered seismicity oc-
curred at depths between 25 and 50 km, well within the lithospheric
upper mantle (Figs. 2 and 4).

We observe that the São Vicente and the Gorringe clusters are
elongated along a NNE-SSW and a NE-SW direction, respectively,
sub-parallel to active thrust faults. In the case of the São Vicente
cluster, seismicity extends from the footwall of the Horseshoe
Fault towards the NE along the São Vicente Fault. The Gorringe clus-
ter strikes parallel to the main NE-striking thrust fault (the Gorringe

Fig. 4. Seismicity registeredwith theNEARESTnetwork. Three clusterswere identified: the SãoVicente cluster, in blue; theGorringe cluster, in red and theHorseshoe cluster, in purple. The
green circles are more distributed events outside the clusters. AB - plots all events in a NW-SE cross-section, parallel to the SHmax (black bars show vertical errors) and; CD - plots all the
events along a perpendicular cross-section. The background colors in the map depict the same lithospheric domains as in Fig. 1B. The main tectonic faults are also shown (see Fig. 1B).
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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

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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The 1969 M7.8 St Vincent earthquake (z=40 km)Earthquakes (1900−2016)
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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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At first order, the numerical model with the two weak fractures explains most of the 164 

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

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

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

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

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

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

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

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

source of the 1969 earthquake. 173 

 174 

Figure 4. Conceptual model combining the knowledge obtained from both the natural prototype and 175 
the results of the numerical models. A delaminating block could reproduce a drip-like structure as the one 176 
observed in the tomography model. The serpentinized layer decouples the crustal deformation from the one 177 
occurring at deeper lithospheric levels, giving rise to a flake-like structure, forming the south-dipping 178 
Gorringe thrust and the north-dipping 1969 fault. 179 

 180 

Duarte et al, in preparation



The 1755 M8.5(?) Lisbon earthquake

or demerits of the proposed model of sub-
duction underneath the Gibraltar Straits, any
direct link between the Lisbon earthquake
and such a tectonic process is very unlikely,
in view of the evidence provided by the
intensity data.

Intricacies in the available information
render the 1755 source location a challenging
problem. The region of high intensities around
Lisbon [9-10 Mercalli (11)] is disconnected
from that of the Algarve (see figure), possibly
indicating a triggered secondary earthquake
source near the Portuguese capital (12).
Solving this complicated puzzle to a level
that is satisfactory for hazard assessment
requires the integration of data from different
fields. Focusing only on an isolated type of
observations, or on partial subsets of data,
is not beneficial to a responsible hazard
assessment effort.

JOAO F. B. D. FONSECA
Earthquake Engineering and Seismology Group,
ICIST, Instituto Superior Tecnico, Avenida Rovisco
Pais 1, Lisbon 1049-001, Portugal.
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Intensities of the 1755 Lisbon
earthquake (9–11) and indica-
tive locations of epicentral
regions proposed by different
authors. Vi, (11) (partial
source); Re, (2); Te, (7); Zi, (6);
Ma, (13) ; Mo, (14) ; Ba , (8)
(partial source); Gu, Gutscher.
The Gibraltar Arc 1755 (partial)
tsunami source was modeled as
a 180 � 210 km2 surface with
20 m of co-seismic slip (15),
which is unwarranted by the
intensity distribution.

Response
FONSECA’S LETTER HELPS TO
draw attention to the complex

tectonic boundary between the African and
Eurasian plates in southwest Iberia where
the Great Lisbon earthquake nucleated.
Fonseca takes exception to the proposition
that this earthquake may have originated
along an active east-dipping subduction
zone in the Gulf of Cadiz. Although the
subduction zone indeed passes beneath the
Straits of Gibraltar, the potential rupture
surface is not here, 600 km from Lisbon (as
Fonseca states), but located roughly from 7°
to 9°W and from 35° to 36°N. Thus, its
northwest limit is some 100 km from the
Algarve coast, where the highest shaking
intensities were felt, and about 300 km
from Lisbon. The Gulf of Cadiz coast (not
including the highest intensity Algarve
region) experienced high intensities—in
northwest Morocco (1) and southwest Spain
(2)—and roughly encircles the potential
subduction fault plane.

Tsunami and seismic intensity modeling
performed in collaboration with colleagues
from Lisbon (3) suggests that although a
subduction source alone is not able to
successfully account for all historically
observed seismic intensity and tsunami
observations, it certainly does not contra-
dict evidence from historical data. Indeed,
in combination with a second potential
fault zone triggered farther to the north-
west (Gorringe Bank or Guadalquivir
Bank, for instance),  i t  represents an
attractive source. The subduction fault
plane offers two distinct advantages over
most other suggested sources in the area.
First, it has a large surface area, sufficient
to generate an M8.6 to M8.8 earthquake for
10 to 20 m of seismic slip. Second, the
expected subduction zone deformation
rates (5 to 10 mm/year) are consistent with
the available evidence concerning the
recurrence time (1500 to 2000 years).
Most other proposed sources, when taken
individually, are far too small to generate
the tremendous seismic moment and thus
require unreasonably large co-seismic
slips and extremely long recurrence times.
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Earthquake Monitoring
The quality of the fast-computed earthquake parameters that
are used for alerting Civil Protection is critically dependent on
the geometry of the seismic network and its relationship with
the source location. In Howe et al. (submitted) we examined
the added value of cabled sensors using the SMART technology
on 2 geometric parameters: 1) the maximum azimuthal gap
between epicenter and recording stations; 2) the geometrical
quality defined by Bondár and McLaughlin (2009) that takes
also into consideration the regularity of the azimuth
distribution. We also computed the gain in earthquake
warning time which is a parameter that only depends on
the network geometry (Howe et al., submitted). This
parameter is most relevant for the performance of an
Earthquake Early Warning System (EEWS) which is
planned but not yet operational in Portugal. The great
improvement on the performance of one EEWS in Portugal
demonstrated in Howe et al. (submitted) will not be further
discussed in the present work.

These geometrical parameters, though relevant, cannot make a
realistic assessment of the uncertainty that arises while
determining earthquake parameters from a limited set of
P-wave readings poorly located, either for the stations being
far from the source or for them being too close together. In
this work we present and apply Monte-Carlo simulations that
take into consideration the errors in phase picking and the level of
uncertainty on the velocity model used to compute the theoretical
phase arrival times for a more representative evaluation of
earthquake parameter uncertainties.

The Monte-Carlo Approach
We use 100 simulations of a synthetic set of phase readings
computed with a velocity model that is altered from the used after
for earthquake location. The location code is Hypocenter (Lienert
et al., 1986), included in the seismic analysis tool SEISAN
(Havskov et al., 2020). This is the same routine that IPMA
uses in the seismic operational room. It uses a 1D velocity
model that is changed according to the domain where the

FIGURE 7 | Visual comparison of Monte-Carlo quality earthquake location parameters when the synthetic catalogue is analyzed by the land only seismic station
network (LAND, green triangles) or analyzed by the land and cabled (CABLE, blue triangles). (A) Distance between the MC centroid (in red) and the true location (in green)
for LAND. (B) Distance between the MC centroid (in red) and the true location (in green) for CABLE. (C) All MC epicenters computed, and the uncertainty ellipse
computed from the covariance of the horizontal coordinates for LAND. (D) All MC epicenters computed, and the uncertainty ellipse computed from the covariance
of the horizontal coordinates for CABLE.
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Concluding Remarks

• There are still some very basic gaps in our knowledge of seismic sources…

• Seismology is at a turning point in observational capability. It’s an exciting 
time for Seismology! 😃
• How do we integrate information from small earthquakes in hazard?

• Integration of datasets is key; better if physis based.
• GNSS and seismic data are very complementary (more on GNSS in the next talk); 

also in the context of RT and EEW.
• Need to develop algorithms for data integration.
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