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Abstract. The increased deployment of subsea infrastruc-
tures and the exploration of marine resources have height-
ened the need to assess seismic hazard on the seabed, espe-
cially in tectonically active offshore regions. The area be-
tween the Gulf of Cddiz and the Alboran Sea, which is
rich in coastal and submarine assets, is located within the
Ibero-Maghrebian Region (IMR), a seismically active region.
While previous research has addressed seismic hazard in ad-
jacent inland areas using deterministic and probabilistic ap-
proaches, few studies have focused on offshore zones. More-
over, existing models often overlook the amplification ef-
fects introduced by bathymetry and seafloor conditions, and
they rely on ground motion prediction equations (GMPEs)
derived from inland data. Consequently, seismic hazard in
marine environments remains poorly constrained. This study
aims to evaluate the feasibility and applicability of both prob-
abilistic (PSHA) and deterministic (DSHA) seismic hazard
assessments for submarine areas, using updated seismogenic
zonation, a high-resolution bathymetric model, and GMPEs
suitable for soft marine soils. The objective is to produce reli-
able peak ground acceleration (PGA) estimates at the seabed
in a complex tectonic context. The analysis was conducted
using the OpenQuake (OQ) engine for PSHA and a custom
MATLAB®O script for DSHA. The seismogenic sources and
parameters were taken from the European Seismic Hazard
Model (ESHM20), and four GMPEs were selected for their
relevance to offshore or soft soil conditions. These GMPEs

were benchmarked against six regional offshore earthquakes
recorded in the IMR as a plausibility check. Hazard estimates
were computed over a EMODnet bathymetric refined grid
and expressed as PGA maps for various return periods (100,
475, 2475, and 5000 years). The results show that signif-
icant PGA values occur over key submarine fault systems
such as the Gorringe Ridge, Horseshoe Plain, and Arzew
Fault. PSHA reference results for onshore site conditions and
clipped to the study area was used as a methodological con-
trast to provide a reference for how the hazard results ob-
tained amplify PGAs. The use of seabed-adapted GMPEs re-
sulted in higher and more realistic PGA values compared to
inland models. This study demonstrates the applicability of
seismic hazard assessment methods to offshore environments
and highlights the importance of incorporating seafloor con-
ditions into hazard modelling. The findings offer a method-
ological basis for improving the seismic design of subsea in-
frastructures in tectonically complex marine regions such as
the IMR.

1 Introduction

The majority of ocean infrastructures are anchored or seated
on the seabed in some way (e.g., Guo et al., 2021; Rui et
al., 2024). The stability of these assets may be compromised
by the mechanical properties of the seafloor (e.g., Liu et
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al., 2021; Randolph and Gourvenec, 2017; Veiskarami et al.,
2017). Earthquakes and the processes they trigger, such as
tsunamis and landslides, affect the dynamic behaviour of the
ground, with the potential to cause significant damage to in-
frastructures and facilities (Roman-de la Sancha et al., 2022;
Shan et al., 2022). Consequently, attention should be given
to investigate local effects on offshore structures (e.g., Kee et
al., 2023; Li et al., 2023) along with undersea seismic hazard
and the influence of surrounding seismogenic sources (Er-
cilla et al., 2021; Karthigeyan, 2022). Coastal and offshore
facilities should be designed to withstand earthquakes and
their coseismic effects. In offshore settings, the water col-
umn, seabed morphology and compliant soft sediments rhe-
ology modify source-to-site path and site terms. The water
layer alters impedance contrasts and incidence/refraction of
P and SV waves at the seafloor, shifts spectral content, and
can lengthen significant duration at the seabed relative to ad-
jacent onshore sites (Chen et al., 2024a; Dhakal and Kunugi,
2023; Nakamura et al., 2015; Zhang and Zheng, 2020). These
effects, together with basin geometry and bathymetric geog-
raphy, motivate use of seabed-adapted GMPEs and 3-D dis-
tance metrics that include depth (e.g., Rrup) when estimat-
ing seabed PGA (e.g., Chen et al., 2024a; Dhakal et al., 2021;
Diao et al., 2014; Hu et al., 2020; Lan et al., 2021) . Howeyver,
the strategies to evaluate undersea seismic hazard may not be
entirely valid considering they rely on seismic response of
emerged terrain.

The area encompassing the Strait of Gibraltar, between
the Alboran Sea in the Mediterranean Sea and the Gulf of
Cadiz in the Atlantic Ocean, is also known as the Ibero-
Maghrebian Region (IMR) (Buforn et al., 1995). A substan-
tial number of communication and energy cables (TeleGeog-
raphy, 2026) are present in the IMR. Major infrastructures
are also located here, including oil and gas pipelines con-
necting Algeria and Morocco with Spain (Medgaz; https:
/Iwww.medgaz.com/, last access: 31 July 2026) and several
offshore wind farms. Moreover, the European-African tunnel
is planned to be developed in the IMR (SECEGSA; https:
/Iwww.secegsa.gob.es/proyecto-del-enlace-fijo, last access:
31 July 2026). These assets, among other issues, underscore
the area’s substantial geostrategic importance (Bdez et al.,
2021). The IMR is at the boundary between the Eurasian and
Nubian tectonic plates (Buforn et al., 2016). It comprises the
southern Iberian Peninsula and the Maghreb (Buforn et al.,
1995), and it is considered to have a medium to moderate
tectonic activity, with frequent seismicity due to the con-
vergence of the tectonic plates. Significant and devastating
earthquakes have been documented within the region (Bu-
forn et al., 2015), some of which have triggered tsunamis
and submarine landslides (Table 1). Consequently, a com-
prehensive Seismic Hazard Assessment (SHA) is of utmost
relevance within the IMR.

Nowadays, there are two broad standard approaches to
SHA (Hamidatou et al., 2024; Kumar et al., 2024): Deter-
ministic Seismic Hazard Analysis (DSHA) and Probabilistic
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Seismic Hazard Analysis (PSHA; Reiter, 1990). These meth-
ods have also been criticised (Kossobokov and Panza, 2022).
Currently, PSHA has been broadly adopted by the scientific
community and for mitigation plans, whilst DSHA is still
considered useful in worst-case scenario modelling situa-
tions (Grasso and Maugeri, 2012; Mostafa et al., 2019), com-
monly used by civil protection agencies. DSHA was the first
methodology proposed in the late 1960s for the design of nu-
clear power plants and was later applied to other large indus-
trial infrastructures (AEIS-IGN, 1979; NRC, 1973). DSHA
and PSHA can complement each other, providing further in-
formation about the existing seismic hazard (Wang et al.,
2012).

Despite the significant record of earthquakes, submarine
landslides and tsunamis in the IMR (Rodriguez et al., 2017;
Vazquez et al., 2022), the area has not been updated in full
SHA. The first attempt of SHA in IMR was made by Molina
Palacios (1998). This work evaluates the seismic hazard in
terms of intensities and PGAs of the Iberia-Africa contact
zone by a probabilistic approach. This involved a seismic
zonation using areal sources, applying available estimation
tools to flat terrain, using ground motion prediction equations
(GMPEs) from rocky inland areas, and relying on seismotec-
tonic knowledge from the 1990s. Conversely, the emerged
land around the IMR has exhaustive seismic hazard studies,
using both deterministic and probabilistic approaches. For
example, the PSHA method has been the most widely imple-
mented (e.g., Crespo et al., 2014; Danciu et al., 2024; IGN-
UPM, 2017; Salgado Galvez et al., 2015). Neo-deterministic
Seismic Hazard Assessment (NDSHA) has been applied for
the Iberian Peninsula (Garcia-Ferndndez et al., 2022) and
DSHA for Sevilla city (Sa et al., 2021). In the North African
part, Poggi et al. (2020) performed a PSHA, and Mourabit
et al. (2014) also conducted an NDSHA approach in this
region. At the European continental scale, the most recent
work covers the Euro-Mediterranean region, where the IMR
is located. A fully probabilistic framework was adopted in
the implementation of the hazard model, using harmonised
input datasets across national boundaries. The seismogenic
zone mosaic uses the 2020 European Seismic Hazards Model
(ESHM20) (Danciu et al., 2024) for PSHA hazard assess-
ment. The ESHM20 model uses the same principles as the
2013 Seismic Hazard Harmonisation in Europe (SHARE)
project model (ESHM13) (Wossner et al., 2015), with state-
of-the-art procedures applied homogeneously to the pan-
European region. However, the SHA gap in the marine en-
vironment persists, hence further assessment of large-scale
seismic hazard under seabed conditions within the marine
IMR is needed, taking into consideration earthquake char-
acteristics and spatial distribution based on comprehensive
undersea data. In order fill this gap, this study has used seis-
mic zoning and parameters from the ESHM20 (Danciu et
al., 2021a, 2024). The novelty of this work also involves
the use of attenuation functions derived from analogous ma-
rine regions regarding their seismotectonic context, consid-
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Table 1. Location, date and moment magnitude (My) of notable earthquakes with casualties in the IMR.

Region Location Date My Casualties  Reference
Malaga, Spain 9 October 1680 6.8 70 Goded et al. (2008)
Lisbon, Portugal 1 November 1755 7.7-8.5 100000 Chester (2001),
Fonseca (2020),
Southern Mendes-Victor et al. (2009)
Iberian Torrevieja, Alicante 21 March 1829 6.8-6.9 389 Silva et al. (2019)
Peninsula  Andalusia, Spain 25 December 1884  6.5-6.7 839 Udias and Muiioz (1979)
Adra, Almeria 16 June 1910 6.1 0 Stich et al. (2003)
Cape St. Vincent, Portugal 28 February 1969 7.8 19 Lépez Arroyo and Udias (1972)
Oran, Algeria 10 September 1790  6.0-6.5 2000 Ayadi and Bezzeghoud (2014)
North El-Asnam, Algeria 10 October 1980 7.3 2633 Ayadi and Bezzeghoud (2014)
Africa Boumerdes, Algeria 21 May 2003 6.8 2278 Ayadi and Bezzeghoud (2014)
Al-Hoceima, Morocco 24 February 2004 6.3 629 Kariche et al. (2018)

ering there are no estimates of GMPEs for the IMR at this
time. The DSHA here has been carried out using an in-house
MATLABO® code, while for the PSHA the OpenQuake en-
gine software was used (OQ v3.21) (Pagani et al., 2014; Silva
et al., 2014).

2 Study area

The study area is characterized by a complex geodynamic
context resulting from the interaction between the Nubia and
the Iberian tectonic plates (Fig. 1) (e.g., Custédio et al., 2016;
Neres et al., 2016). The plate boundary of the study area is
usually divided into three main areas according to their stress
regime: the SW as simple shear zone, the pure shear Gulf of
Cadiz as the Eastern Betic, and the South Moroccan com-
pressional arc. Tectonic models of NW-SE to WNW-ESE
show oblique convergence between the Nubia and Iberian
plates (Herraiz et al., 2000; Reilly et al., 1992) with displace-
ments of 2 to 5 mm yr_l (Fernandes et al., 2007; Nocquet,
2012) of the western Betic Cordilleras with respect to the
Iberian Massif (Gonzalez-Castillo et al., 2015; Palano et al.,
2013).

The Gulf of Cadiz (western sector of IMR) is located
on the contact boundary between the Eurasian and African
plates. It extends from the Azores Islands to the Strait of
Gibraltar, through the Iberian massif and the Algarve re-
gion to the north, and, in the eastern part, through the oro-
genic arc of the Betic-Rifefia mountain range. It is char-
acterised by a NW-SE oblique convergence regime, mainly
controlled by the formation of the Betic-Rifefio Orogen
and by the accommodation of post-orogenic compressional
tectonic activity (IGN, 2025a). This tectonic configuration
makes seismic activity in the Gulf of Cadiz significant, with
moderately deep earthquakes (h < 40-60km) (Custddio et
al., 2016). Some moderate magnitude earthquakes have also
been recorded (Martin-Davila and Pazos, 2003). Most of the
focal mechanisms in this area are reverse and rifting type.
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Figure 1. Location of the area of interest of this work in relation
to the tectonic setting. Abbreviations are as follows: WAB: West-
ern Alboran Basin, EAB: Eastern Alboran Basin, AOB: Algerian
Oceanic Basin, SVF: Sao Vicente Fault, MPF: Marqués de Pom-
bal fault, SWIM: Southwest Iberian Margin lineaments (1, 2 and
3). AIF: Al Idrisi fault, YSF: Yusuf fault. Background: shadowed
Digital Terrain Model (altimetry and coloured bathymetry) in the
study area (extracted from EMODnet; https://emodnet.ec.europa.
eu/en/bathymetry, last access: 24 August 2026).

There is also historical and instrumental evidence of sev-
eral high-magnitude earthquakes in the region. These include
the earthquakes of 1755 (M,,7.7-8.5; Chester, 2001; Fon-
seca, 2020; Mendes-Victor et al., 2009) and 1969 (M,,7.8;
Lopez Arroyo and Udias, 1972), both causing tsunamis that
affected the coasts of Morocco, Portugal, and Spain. The
Gorringe Bank, the Sdo Vicente submarine canyon (Sio Vi-
cente fault), Horseshoe, Marqués de Pombal, and the South-
west Iberian Margin (SWIM) faults show the greatest mag-
nitudes in the region (M,,7.2-8.4; Grevemeyer et al., 2017;
Martinez-Loriente et al., 2013) surrounded by the Gorringe
Ridge, the Coral Patch, the Horseshoe and Seine abyssal
plains.

The Alboran Sea is the westernmost part of the Mediter-
ranean Sea and the oriental sector of IMR. It is bordered
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by the Alpine Mountain ranges of the Betic in the Iberian
Peninsula and the Rif in the north of Africa. It is a con-
tact zone between the converging Eurasia and Nubia tectonic
plates. Among the tectonic structures, the submarine moun-
tain ranges stand out, with a length of more than 50 km, ori-
ented NE-SW and limited to the north and south by reverse
faults with opposite dip. Several sets of conjugate directional
faults are also found in this area: the NNE-SSW sinistral
faults, such as the Al-Idrisi; the NE-SW sinistral faults, such
as the Carboneras; and NW-ESE dextral faults, such as the
Yusuf. Most of the seismic events recorded in the Alboran
Sea have lower magnitudes (My, < 4; IGN, 2025b). The seis-
mic activity in the Alboran Sea is interconnected with the
southern Iberian Peninsula through the tectonic system run-
ning E-W from the Rif and Alboran Ridge, Eastern Albo-
ran Basin, to the Arzew faults and Tell Atlas (e.g., Mourabit
et al., 2014; Leprétre et al., 2018). Some relevant events in
the Alboran Sea are the Adra earthquake in 1910 (My6.1;
Stich et al., 2003), and the Al Hoceima earthquakes of 1994
(M6.0), 2004 (M6.3) and 2016 (M6.4) (Kariche et al.,
2018).

The majority of recorded earthquakes in the IMR are be-
tween 0 and 30 km, although a considerable number of earth-
quakes are of intermediate depth (30 < & < 180 km), mostly
located in the Gulf of Cadiz (IGN, 2025c). Deeper earth-
quakes (h > 600km) are less frequent and located in the
province of Granada (Buforn and Udi{as, 2007). About 90 %
of the registered seismicity in the IMR is located in the Gor-
ringe Bank, High Atlas and the Granada-Mdélaga-W of Alb-
oran Sea area. In the Alboran Sea, there is also significant
shallow seismicity at depths of less than 30 km, especially
in the active Betico-Alboran-Rif shear zone; to the W, earth-
quakes go deeper.

3 Materials

For seismic hazard estimation on the seabed, using the
DSHA and PSHA methods, the following input parameters
are required: a digital terrain model (DTM); a seismogenic
sources and their associated seismic parameters; and GM-
PEs.

3.1 Ocean and land digital terrain models

The DTM used in this study was obtained from the EMOD-
net Bathymetry World Base Layer (EBWBL), composed of
the bathymetric grid for Europe from the European Marine
Observation and Data Network (EMODnet; https://emodnet.
ec.europa.eu/en/bathymetry, last access: 24 August 2026)
(Martin Miguez et al., 2019), with spatial resolution of
4 arcsec, and the raster for oceans and land from the Gen-
eral Bathymetric Chart of the Oceans (GEBCO; https://www.
gebco.net/, last access: 24 August 2026, GEBCO Bathymet-
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ric Compilation Group 2024, 2024; Mayer et al., 2018), with
a spatial resolution of 15 arcsec.

3.2 Seismogenic source models and seismicity
parameters

Considering the SHAs carried out in the emerged IMR zone,
several seismogenic source models have been identified (Ta-
ble 2). The one implemented in the ESHM?20 (Danciu et al.,
2021a, 2024) has been used for this work given it is the lat-
est update. This zonation includes areal seismogenic sources
(shallow and deep), active faults and background smoothed
seismicity (Fig. 2). To achieve our SHA, all seismic sources
influencing our study area were incorporated, together with
their corresponding characteristic seismic parameters.

The seismic parameters used for the DSHA (Fig. 2), were
extracted from the ESHM20 model (Danciu et al., 2021a, b).
The maximum magnitude < MMpax > from the maximum
magnitude distribution function, was adopted as the maxi-
mum credible earthquake (MCE) along with the predomi-
nant rupture mechanism assigned to each planar source ID
at its depth (Tables S1 and S2 in Supplement). The areal
seismogenic sources are located at depths ranging from 12
to 60km (Fig. 2A1). Seismic features derived from Active
Shallow Crustal Region (ASCR) seismogenic sources have
magnitudes ranging from 6.6 to 8.8 (Fig. 2A3). The predom-
inant rupture mechanism is inverse in the band from the Gulf
of Céadiz towards the Algerian Mediterranean coast, through
the southern Rif and parallel to the Atlas chain (Fig. 2A2, B2
and C2). This rupture mechanism transitions into strike-slip
toward the Alboran Sea and the adjacent Iberian coastal zone,
while evolving into normal faulting further inland within
the Iberian Peninsula. The deep source beneath the Strait of
Gibraltar (~ 150 km) was initially discarded in line with the
original DSHA approach, since it is outperformed by shal-
lower ASCR sources. However, this work includes the dis-
tribution of all seismic sources. The active faults are located
at depths ranging from 6 to 25km (Fig. 2B1) and magni-
tudes ranging from 6.9 to 8.5 (Fig. 2B3). For the background
smoothed seismicity, point sources have depths ranging from
12 to 60km (Fig. 2C1) and magnitudes ranging from 6.5
to 8.6 (Fig. 2C3). For the PSHA, the same dataset used in
the ESHM20 model has been used (Danciu et al., 2021b, c).
These files include all the seismogenic sources and their char-
acteristic parameters, required to carry out the probabilistic
calculation in our study area. Since we adopted the same cal-
culation software (OQ Engine) used in the ESHM20 model
for the seismic hazard calculation, it was not necessary to
modify the seismogenic source files.

3.3 Ground motion prediction equations (GMPEs)
GMPEs are essential in seismic hazard analysis, as they

model how ground motion attenuates with distance. These
equations estimate shaking intensity at a site based on factors
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Table 2. Some seismogenic zonation models covering the study area.
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Zonation model Covered extension

Reference

Implementation

SA and SB Portugal

ZESIS or COMMISSION  Iberian Peninsula

NAF North Africa

SHARE- ESHM13 Euro-Mediterranean region
ESHM20 Euro-Mediterranean region

Vilanova and Fonseca (2007)
Garcia Mayordomo (2015)
Poggi et al. (2020)

Wossner et al. (2015)
Danciu et al. (2024)

Seismic hazard map of Portugal
Seismic hazard map of Spain
Seismic hazard map of North Africa
Seismic hazard map for Europe
Seismic hazard map for Europe

g
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Figure 2. Seismogenic source models of ESHM20: (A) areal seismogenic sources (shallow and deep); (B) active faults and (C) smoothed
seismicity; in function of (1) Depth (km), (2) Predominant rupture mechanism for each seismogenic source, and (3) Magnitude of maximum
credible earthquake (MCE) (Data from Basili et al., 2024; Danciu et al., 2021b, 2024).

like earthquake magnitude, distance to the source, faulting
style, and local geological conditions (Barani et al., 2016).
GMPEs are commonly derived from strong ground-motion
records for an earthquake (e.g., Campbell and Bozorgnia,
2003). Functions relate the magnitude M and the distance
R of the seismic scenario (M, R). With an appropriate set of
quality records, it is possible to fit a parametric model f(M,
R, ¢x) to estimate the intensity of strong motion (Y) for a
given seismic scenario. The fitted parameters reflect the char-
acteristics of elastic and anelastic energy attenuation through
distance scaling, but also near and far-source, faulting mech-
anism, and hanging wall effects. The heterogeneous geolog-
ical media causes a dispersion in the (M, R) sample pairs.
Therefore, the correlation between variables can be strong,
but never perfect, meaning there is an unavoidable uncer-
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tainty . If the expected seismic intensity at the project site
Y is interpreted as a conditional random variable on the pair
(M, R), the fitted model (Al Atik et al., 2010):

Y~ f(M,R,¢)+e )

provide an estimate of the median ground motion and the
residual ¢ identified by a Gaussian distributed random vari-
able.

GMPEs are commonly defined in terms of relative fault
distance to the SHA site assuming a planar rupture geome-
try. The rupture trace is defined as the projection of the up-
per edge of the rupture onto the ground surface. The rupture
plane, trace, and surface projection allow the definition of
four finite fault distance metrics: Rrup, RijB, Rx, Ry, ZTOR
(Fig. 3). Rrup is the closest distance between the site and

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026
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Figure 3. Earthquake source and distance metrics from an offshore
evaluation site in and out a seismogenic source area. Site A out-
side the ground projection of the seismogenic source, with (H # 0)
and without surface altimetry or bathymetry (H = 0). Site B inside
the ground projection of the seismogenic source, without surface
altimetry or bathymetry (H = 0).

the rupture surface. Ryp is the Joyner and Boore distance or
the closest distance between the site and the surface projec-
tion of the rupture. Rx is the horizontal and Ry the vertical
distance between the site and the top edge of the rupture. Fi-
nally, ZTtor is the depth to the top edge of the rupture. These
metrics are usually incorporated in GMPEs, as R in the math-
ematical formulation of Eq. (1) (e.g., Douglas, 2024). Some
of the GMPEs formulation Eq. (1) consider the distance R as
a function of depth (e.g., Rryup). In these cases, the estimation
of the intensity of the motion is affected by the terrain relief
where the site is located. Thus, the estimated shake motion Y
in elevated areas will be lower than in marine abyssal plains
because they are closer to seismogenic sources, and the re-
sults of ¥ estimation in regions with significant unevenness
will be sensitive to the use of a DTM.

The wealth of available strong ground motion data has en-
abled the development of numerous GMPEs, the vast major-
ity on the rocky ground inland (e.g., Douglas, 2024). How-
ever, in offshore regions, traditional rock-based models may
not adequately capture the unique conditions of the seafloor
(Chen et al., 2024a; Tan and Hu, 2023; Wang et al., 2024).
The growing importance of subsea structures and the asso-
ciated risks of seabed instability have prompted the devel-
opment of efforts to obtain GMPEs for offshore areas. Nev-
ertheless, the limited availability of data and the scarcity of
strong motion records have restricted their collection to very
few offshore areas. A significant proportion of recent re-
search has focused on the active area of the Japan Trench
using the S-net and KiK-net stations data (Kanazawa et al.,
2016), where several GMPEs have been recently developed
(e.g., Dhakal et al., 2024; Hu et al., 2020, 2023; Nakanishi
and Takemura, 2024).

For soft soils, a GMPE model was already described by
Idriss (1991) in the early 1990s (IDR91). The IDR91 model
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is suggested for the entire moment magnitude range and a
distance of 0—100 km or more. The Joyner-Boore metric is
used as the source-to-site distance (Rjg) to obtain Ln (Y),
where Y is in g, and the uncertainty (¢) in Ln (Y) depends
on the earthquake magnitude in the function described by
Idriss (1991) if My, < 7.25, otherwise the standard error
term is constant (¢ = 0.38). This model is suited for crustal
earthquakes and it has been implemented in SHA for sub-
marine zones in the Mediterranean Sea (e.g., D’ Acremont et
al., 2022; Lafuerza et al., 2012; Sultan et al., 2007). There-
fore, IDR91 was also considered in this work to compare it
with other recent approaches to offshore GMPEs. Recently,
the HZ23 model (Hu et al., 2023), has been developed for
offshore earthquakes in the Japan Trench area and derived
from onshore model ZH06 (Zhao et al., 2006). HZ23 was
developed for M\, between 4.0 and 7.1, and hypocentral dis-
tances of 20-300 km. This model uses Rryp as distance met-
ric in Eq. (1) for crustal, interface, and slab events to obtain
Ln (Y) with a constant standard error (¢ = 0.7784), where
Y is in cms™2. Additionally, the averaged shear-wave ve-
locity to 30 m depth (Vs30) was incorporated as a parame-
ter in Eq. (1) for the definition of the site class. The NT24
model (Nakanishi and Takemura, 2024), was also developed
for the Japan Trench area and derived from the onshore
model MF13 (Morikawa and Fujiwara, 2013). It can assess
PGAs for My, between 5.5 and 7.4 for crustal, intraplate, and
slab earthquakes (M, > 5.0 for crustal events) and epicen-
ter distances of 1 to 300 km. This model uses Rryp to obtain
logo (Y) with a constant standard error (¢ = 0.326). Finally,
the DKK?24 model (Dhakal et al., 2024) was developed for
M, between 5.5 and 7.4, and hypocentral distances of 1 to
300 km. This model uses Rryp as distance metric in Eq. (1)
for crustal, interplate and intraslab events to obtain logjo (Y¥)
with a constant standard error (¢ = 0.25183). Therefore, four
GMPEs have been used in this work: IDR91, HZ23, NT24,
and DKK?24 (Fig. 4), considering both the seminal studies on
soft soils and recent works proposing new GMPEs for sub-
marine environments. In this study, the PGA (g) is the Y seis-
mic intensity used in all these selected attenuation functions.

The predominantly offshore setting of the study area (at
the intersection of oceanic, active continental, and stable con-
tinental crust) poses significant challenges for selecting ap-
propriate GMPEs. Recent tectonic classifications (Chen et
al., 2018; Poggi et al., 2020) describe the study region as
a Variscan-Hercynian zone in an Active Shallow Crustal Re-
gion (ASCR). In the case of the HZ23, NT24 and DKK24
models and their implementation in our study area, the IMR
and the Japan Trench area share some geo-tectonical sim-
ilarities. In the IMR, the African Plate is subducting be-
neath the Eurasian Plate (Gutscher et al., 2002), while in the
Japan Trench area, the Pacific Plate is subducting beneath
the Okhotsk Plate (Nishikawa et al., 2023). Both areas expe-
rience significant seismic activity due to the tectonic inter-
actions. The IMR has a history of large earthquakes (Buforn
et al., 2015), while the Japan Trench area is known for its
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frequent and intense earthquakes, including the devastating
2011 Tohoku earthquake (Ritsema et al., 2012).

The selected GMPEs were benchmarked against hori-
zontal PGAs for six regional offshore earthquakes in the
IMR (Fig. 4), including five crustal and one intraslab event,
using onshore/near-coastal accelerograms. This benchmark
is a statistical plausibility check within overlapping My-R
ranges, but it does not constitute a validation nor recalibra-
tion of seabed GMPEs in the IMR. The primary evidence
supporting seabed GMPEs (HZ23, NT24, DKK?24) remains
their calibration on ocean-bottom data (S-net/KiK-net) and
the documented land-seafloor differences reported in the lit-
erature (e.g., Chen et al., 2015, 2024b; Dhakal et al., 2021;
Hu et al., 2023). This approach follows previous IMR hazard
studies (e.g., Molina Palacios, 1998; Olaiz et al., 2025; Ter-
rinha et al., 2009; Vilanova and Fonseca, 2004), which also
relied on inland proxies due to the absence of seabed record-
ings. Therefore, this comparison should be interpreted as an
acceptability check within the GMPEs magnitude-distance
validity ranges, rather than a direct GMPE re-calibration.
The scarcity of offshore strong-motion data underscores the
need for OBS deployments to enable future seabed-specific
GMPE validation in the IMR. The comparative analysis of
IDRI1, HZ23, NT24, and DKK?24 was conducted using the
following events:

1. My, 4.5 Alboran Sea earthquake, 31 January 2016 (Fig.
4A),

2. My, 4.9 Alboran Sea earthquake, 4 January 1994 (Fig.
4B),

3. My, 5.5 Oran earthquake, 6 June 2008 (Benfedda et al.,
2020) (Fig. 4C),

4. My 6.1 SW Cape St. Vincent earthquake, 12 February
2007 (Fig. 4D)

5. My, 6.3 Alboran Sea strike-slip earthquake, 25 January
2016 (Fig. 4E),

6. M, 6.8 Boumerdes earthquake, 21 May 2003 (Khellafi
etal., 2013) (Fig. 4F).

The acceleration data for earthquakes in Fig. 4A, B, D,
and E are sourced from IGN (https://www.ign.es/web/
sis-catalogo-acelerogramas, last access: 8 July 2025).

The predicted PGAs, through the HZ23, NT24 and
DKK?24 models and their respective standard deviation bands
around each curve are consistent with the observed ones from
the six tested earthquakes (Fig. 4). Most of the observed
PGAs are within +s, bands. However, IDR91 behaves as an
upper limit boundary of models in the majority of cases, and,
for M,,6.3 Alboran Sea earthquake (Fig. 4E), the observed
PGAs are usually lower than the predicted values of the GM-
PEs for seabed. To evaluate the model’s accuracy, residuals
were obtained as the difference between the observed PGAs

https://doi.org/10.5194/nhess-26-4177-2026

4183

and the estimated PGA from the selected GMPE. As Fig. 5
shows, a near-zero tendency of residual distribution is found,
with mean residual values presented in Table S3. Despite
the oscillations discernible in the graphs, residuals are sit-
uated between the curves (dashed lines in the graphs) that
delineate the uncertainty bands (+£s;) (Fig. 5A, C, E, G).
The residuals demonstrate bounded variance homoscedas-
ticity, with RMSE values of about 0.077, 0.236, 0.047, and
0.040 g for IDR91, HZ23, NT24, and DKK?24, respectively
(Table S3), with the M,6.8 earthquake exception. All four
GMPEs benchmarked against nearby observed ground mo-
tions demonstrate adequate goodness of fit. However, it is
the NT24 and DKK24 models (Fig. SE-H) that most effec-
tively capture the variability of the observed values, even at
the extremes of the distribution of the set of observations.
Specifically, IDRI1 (Fig. 5A, B) emerges as the most con-
servative GMPE in terms of providing seismic intensity val-
ues that exceed the observed ones, with the exception of the
closest recorded PGAs. The GMPE that exhibits a reduced
capacity to capture this variability is HZ23 (see Fig. 5C, D),
with the highest RMSE relative to the others GMPEs (Table
S3), but predicting a higher seismic intensity, according to
the observed residuals, primarily for the largest earthquake
(M,6.8). Its prediction is, in this instance, limited by the
lower boundary curve of the uncertainty band of one o5.

The final step in the diagnosis undertaken here evaluates
the properties of the prediction errors in the logarithms of the
PGA (Fig. S1), as defined in Eq. (1). The averages of the ep-
silon values should be zero, where NT24 and DKK?24 best fit
the theoretical value (Fig. 6A). Their standard deviations are
either below or very close to the values that the authors of the
GMPEs provide for their models. Furthermore, it cannot be
discarded that residuals in the logPGA have a normal distri-
bution, as shown by the histogram for and the Q-Q plot (Fig.
6B, C) and indicated by the p-value for the Kolmogorov-
Smirnov and the Shapiro-Wilk tests in NT24 (bold p-values
in Table S3) at 95 % confidence.

4 Seismic hazard assessment

Seismic hazard refers to the probability of exceeding a cer-
tain earthquake intensity in a specific area within a given
time period (Kijko, 2019; McGuire, 2004). Seismic haz-
ard can be assessed using two main methods: Determinis-
tic Seismic Hazard Analysis (DSHA) and Probabilistic Seis-
mic Hazard Analysis (PSHA). In DSHA, hazard is defined
as a specific percentile (such as the 50th, 84th, or 98th, as
used in this study) of ground shaking intensity measured as
peak ground acceleration (PGA) caused by one or several
earthquakes. This method uses basic earthquake data and
ground motion models based on a chosen earthquake sce-
nario (Krinitzsky, 1995, 2002). Despite their deterministic
character, the results obtained have frequently been used as a
proxy for the upper limit of seismic intensity. Seismic haz-
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ard in PSHA is determined by calculating ground motion
frequencies or exceedance rates using a mathematical model
based on earthquake statistics and ground motion functions
(McGuire, 2004, 2008). This model takes into account un-
certainties related to earthquake size and moment (Kramer,
1996). PSHA methods can be categorized into parametric,
using the total probability theorem (Cornell, 1968; Kramer,
1996), and nonparametric methods that utilize extreme value
distribution functions (Epstein and Lomnitz, 1966). Other
approaches, such as NDSHA, are often discussed together
with DSHA and PSHA in relation to their representative-
ness for the largest events. Although both SHA methods use
seismological and geological information, they define and
calculate seismic hazard differently, which improves the un-
derstanding of seismic hazard forecasting at the studied site
or region (Orozova and Suhadolc, 1999; Wang and Cobb,
2012).

4.1 Deterministic Seismic Hazard Assessment (DSHA)

In DSHA, the capable controlling source at a site is identi-
fied, typically a mapped fault segment and, where faults are
diffuse, an areal or background sources. The maximum cred-
ible earthquake (MCE) for that source and an appropriate
GMPE are then used to compute a chosen percentile (e.g.,
50th or 84th) of ground motion at the shortest source-to-
site distance under the adopted distance metric (Krinitzsky,
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2002; Reiter, 1990). DSHA does not explicitly incorporate
probability and recurrence functions, the seismic hazard is
obtained as a certain percentile of ground motion. The 50th
percentile is mostly used in preliminary DSHA studies, as
well as the 84th percentile when it is used for inland critical
structures such as nuclear or hydraulic power plants. Thus,
some DSHA use the second quartile PGA plus a standard de-
viation, which is equivalent to an exceedance probability of
16 % (Ben-Zion et al., 2003), calculated from simple earth-
quake and ground motion statistics (Krinitzsky, 1995, 2002).
To perform these calculations, this study adopts a DSHA ap-
proach, following the standard algorithmic workflow as used
in Wang et al. (2012), Vipin (2013), Candia et al. (2019),
and Ramkrishnan et al. (2021) which implement the classical
deterministic hazard assessment procedure (Reiter, 1990).
Deterministic ground motions are computed for areal seis-
mic sources in regions lacking well-defined fault geometries.
This method has precedent in offshore hazard studies and is
particularly suitable for submarine environments where seis-
micity is diffuse and fault structures are unresolved. Simi-
lar approaches have been discussed (i.e., Krinitzsky, 2002;
Kramer, 1996) and are widely used in engineering applica-
tions where deterministic estimates are required for prelimi-
nary infrastructure design.

Computationally, the DSHA is implemented through the
following steps:
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(1) Build a catalogue of seismogenic sources (faults and,
where needed, areal/background zones) {SS;} j=1..n;.

(ii) Assign the seismic potential to each source SS; with
its MCE; and the prevailing focal mechanism (normal,
reverse or strike-slip).

(iii) Select the set { f1} of the empirical GMPEs or at-
tenuation relationships Y I = f i (M , R, ®, 03"{), with
their corresponding parameters ®; and the random un-
certainties oy, for each i-th prediction equation.

(iv) Arbitrarily select the desired probability of ex-
ceedance PRexeq = Pr[Y >=ymax/M, R], for a seismic
scenario given by the (M, R) pair.

(v) Calculate the p-th percentile equivalent to the prob-
ability of exceedance:

PCp; = Pr[Y < y,/M,R]=1—PiY >=y,/M,R] (2)
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Figure 5. Residual plots of the goodness of fit for the predicted values by the selected GMPEs: IDR91 (A, B), HZ23 (C, D), NT24 (E, F),
and DKK24 (G, H), against the registered data in the earthquakes used for diagnosis.

(vi) Calculate the standard normal random variable Zy;,
of mean 0 and variance 1, that matches the percentile
PCp;.

(vii) Loop for each site P located at the geographic co-
ordinate position (x, y, k) with latitude, longitude and
hypsometry (height or depth above mean sea level) do,

(viii.a) Loop for each j-th seismic source SS; (j =1,
... Ng), assuming that the worst-case scenario (M, R,
focal mechanism) is selected, defined as the occurrence
of an earthquake of magnitude M = MCE from a point
of the j-th seismogenic source at the shortest possible
distance R = Rpjn =min{d(P,SS;)}, based on the dis-
tance to be handled (Rjg, Rgpi,» RHyp, etc.) in the atten-
uation function (Fig. 3).

(viii.a.1) Calculate the median ground motion (50th per-
centile or GMPE treated as deterministic) of the seismic
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pargmeter Ysi(): j at the site, with each i-th GMPE: Ysio, j
= fi(M, R, D).

(viii.a.2) Calculate the p-th percentile of the seismic pa-
rameter at the site with the i-th equation of motion:

long’;,j = logYéo’j + Zo1 of, 3)

(viii.a.3) Obtain the on-site seismic ground shaking pa-
rameter Y, ; on site P produced by each j-th earth-
quake source.

(viii.b) Deterministic evaluation of the th-percentile of
the seismic hazard Y,(x,y,h) at the site located at
(x,y,h) as the largest parameter of the intensity of
ground shake obtained from each seismogenic source:
Yp(xs y’h) = max{Yp,j}

(ix) Write Y, (x, y, h) output to change to a new location
of the P site to assess.

However, since in each GMPE the logY value is distributed
as a normal random variable of mean logY with standard
deviation o (Kramer, 1996), and Y, (x, y, h) = max{Y, ;},
both Y, and Y, ; are random variables. The p-th percentile
Y, is accurately calculated as follows:

logY, —1
Pr|:Y,, __ ]:F<0g » Ogymax/M,R): Py

M, R o 100

in accordance with the classical scheme, with a single dom-
inant seismic source, and where F denotes the cumulative
density function of the standard normal distribution (e.g.,
mean p = 0, and variance = 1). Now, considering the distri-
bution of Y, N, as the extreme value of a set of values (Ang
and Tang, 2007; Coles, 2001), the above approximation is
computed as:

Yp Yp
Pr|Y, n. <= =Pr| Y| <=
[ p.Ns M,R:| [ ! M,R]

XPr|Y, <= p X...xPr|Yy < p - (®)]
M, R T M,R 100

’

This implies incorporation of the effect of the remaining N
seismic sources in the hazard percentile estimation in the
hazard assessment. The estimation is more complicated than
in the case of a single source, as it is now necessary to solve
the nonlinear equation:

N
3 logY —logy;
HF 8Lp, Ny gYj/MRY\ _ P )
. o 100

j=1

As this paper uses an approach based on a logic tree scheme
that weights the GMPEs to capture the epistemic uncertain-
ties in the hazard estimation, the above equation is rewritten
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to solve for each i-th GMPE f i (M, R, a]i) used and its cor-
responding i-th random uncertainty o*:

N <logY[’;J\,S - logyj/M,R)

i i _
) (logYp,Ns) = 1—[ F

1
j= “

-2 =0 @)

from which each Y ;;’ N, is obtained.
4.2 Probabilistic Seismic Hazard Assessment (PSHA)

The principles of PSHA find their roots in the work of Cor-
nell (1968), Cornell et al. (1971), and McGuire (1976). Cor-
nell uses the total probability theorem (Kramer, 1996) to con-
solidate information on various variables (magnitude, dis-
tance, source location) into a single measure of seismic haz-
ard for a specific site. Once probability relationships are de-
rived from the observed seismicity (locations, sizes, recur-
rence) in the area, exceedance probabilities of ground mo-
tion can be quantified (Kijko, 2019). It takes into considera-
tion the seismicity of the area from the distribution of loca-
tions, sizes, recurrence times and energy attenuation (Benito
and Jiménez, 1999), to integrate the probabilities of exceed-
ing a certain level of ground motion from various seismic
sources, at different distances and with different magnitudes,
that may occur at a site.The basis for carrying out PSHA is
described in several steps (Kramer, 1996; McGuire, 2004;
Reiter, 1990):

1. identification and characterization of seismic sources;

2. determination of the recurrence distribution of each
source, in time or magnitude;

3. establishing the response parameter based on magni-
tude, distance, and site conditions with its uncertainty;
and

4. calculating the probability that the response parameter
is exceeded over a time period and estimating the hazard
at the studied site, resulting from the sum of the hazard
probabilities of all seismic sources influencing it.

This method allows for obtaining the mean annual ex-
ceedance rate (Apv=y) for a given site and exposure time,
defined as the probability that a specified level x of inten-
sity measure (IM) of ground motion is exceeded at this site
(McGuire, 2004):

N 00 Mmaxi
s =y ovi [ [ PIM = xlmrl )
=y
fri (r)dmdr )

Where:
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of PGA.

— AIM>y 18 the annual exceedance rate of a soft soil move-
ment intensity IM that exceeds a threshold value x.

— P[IM > x|m,r] is the probability that IM exceeds x
given an earthquake of magnitude M = m at a distance
R=r.

— fwmi (m) is the probability distribution of the earthquake
magnitude.

— fRri(r) is the probability distribution of the distance to
the site.

— N is the total number of seismic sources considered.

And the mean annual occurrence rate of earthquakes from
source i:

v; = exp(; — Bimo) 9

with @ = aln(10) and B = bIn(10) being the parameters of
the Gutenberg-Richter recurrence law:

Am = exp (e — Bm) = 107" (10)

adjusted from the seismic catalog of the project using statisti-
cal technique of maximum likelihood. The probability func-
tion in Eq. (8) is:

Inx — InIM,
P[IM>x|m,r]=l—FIM(x)zl_@(w) (1)

Ol

where the function P[IM > x|m, r] indicates the IM ground
motion parameter generated by a source i of magnitude (m),
distance (r), and uncertainty epsilon (¢) in relation to the
threshold value x. Finally, fyi (im) and fri (r) are the para-
metric probability density functions for which a functional
model is assumed, estimated from the magnitude and dis-
tance catalogue.
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Results are expressed as seismic hazard curves (SHC),
which can be obtained for different intensity measures, the
most common being Peak Ground Acceleration (PGA), rep-
resenting the exceedance probabilities over usually 50 years,
and the ordinates of the acceleration spectrum S, (7°). An-
other result is the response spectra, commonly referred to as
uniform hazard spectra (UHS), derived from the SHC and
obtained for each chosen return period.

4.3 Epistemic uncertainty treatment: logic tree scheme
in DSHA and PSHA

There are numerous uncertainties in the DSHA and PSHA
methodologies that arise from limited comprehension of
the seismic process. The random nature of earthquakes and
their occurrence generate variations in the spatial, temporal,
and magnitude distribution when defining and characterizing
seismic sources. In addition, the way seismic waves attenuate
as they propagate from the source to the site of interest can
be uncertain, generating uncertainties about the attenuation
models or GMPEs, whose statistical adjustment of their co-
efficients incorporates an estimation error. Moreover, the ar-
bitrary choice of GMPEs by users is itself an unsure process.
All these uncertainties can be classified as random and epis-
temic (Kiureghian and Ditlevsen, 2009; McGuire and Shed-
lock, 1981).

In this work, the logic tree method has been used to incor-
porate and analyse the inherent uncertainties both for DSHA
and PSHA analysis. Its formulation uses weighting factors,
assigned to seismic source models and GMPESs based on their
likelihood (Coppersmith and Youngs, 1986; EPRI, 1987).
The logic tree is constructed from a series of branches con-
nected through nodes, from which the computational process
twigs according to a possibility or appropriate weighting fac-
tors {w'}. These factors are assigned based on expert judg-
ment (Budnitz et al., 1997), depending on the suitability and
importance of each seismic source model and GMPE used.
The treatment of uncertainties by the logic tree scheme is
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made mathematically explicit in the calculation process in
the equations to obtain Y, ; at site P produced by each j-th
seismic source:

o= X0, a2
And also, to obtain Y} Ns at each site P:
Ypn =) w'Y) (13)

which includes the effects of the N seismic sources. The
logic tree scheme shown here is used both for the estimation
of the PGA based on a single control source, with the most
unfavourable seismic scenario, and for the PGA estimation
based on all seismogenic sources with their particular seismic
scenario.

The logic trees used in this study (Fig. 7) incorporate a
combination of three seismic source models and four GM-
PEs, selected to estimate the PGA in our study area. In the
logic trees used in the DSHA (Fig. 7a) and PSHA (Fig.
7b), the weights assigned to each seismic source model were
those used in the ESHM?20 (Danciu et al., 2024). The GM-
PEs weights in this study are based on statistical performance
and regional relevance, in order to properly address epistemic
uncertainty. At each node, branch weights are normalized so
that " w = 1.

4.4 DSHA and PSHA calculation specifications

The DTM from EMODnet (Fig. 1) has been used to gen-
erate the computational grid in the seismic hazard calcula-
tions of this work. The DTM was resampled to generate grid
points spaced at 0.1° (approximately the standard error in
earthquake epicentre determination; Panza et al., 1990). In
addition to its geographical coordinates, each point was as-
signed its respective bathymetric or topographic elevation.
This mesh size, commonly used in the region (e.g., Danciu et
al., 2024; IGN-UPM, 2017; Poggi et al., 2020), was chosen
for its balance between computational efficiency and spatial
resolution. This allowed capturing the variations in seismic
hazard in this study while keeping a manageable computa-
tional load. Thus, computationally, SHA calculations, using
DSHA and PSHA, were performed on a grid of 3854 sites
(Fig. S2). The elevation of the DTM is used in the estima-
tion of the relative geographical distances, from the site to
the seismogenic source, used by the GMPE:s.

For DSHA calculations, a computational routine was de-
veloped to calculate the seismic intensity with a selected
GMPE, from different seismic source types, incorporating
the extreme value distribution into the DSHA as the sce-
nario in which all seismic sources contribute (maximum Y
distribution in Eq. 5), and to account for the logical tree with
them. Since the extreme value distribution must be deter-
mined at each site where the hazard is estimated, the conver-
gence characteristics of this algorithm allow it to be repeated
for up to 100 iterations. This number is sufficient to achieve
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an admissible error, | Xo — X *| in the root X* solution of
Eq. (7) (Burden et al., 2015). To reduce the computational
time compared with earlier DSHA implementations (e.g.,
Wang et al., 2012), the routine was optimized through paral-
lel processing in MATLAB®© (R2024a, Update 6, available at
https://www.mathworks.com, last access: 8 July 2025). The
routine is publicly available at https://es.mathworks.com/
matlabcentral/fileexchange/183034-dsha (last access: 24 Au-
gust 2026).

PSHA calculations were performed for the mean values
of PGA (in g) and four annual probabilities of exceedance
(APEs), i.e., 0.01, 0.002105, 0.000404, and 0.0002, which
correspond to the return periods of 100, 475, 2475, and
5000 years, respectively. These hazard maps are prescribed
in the European seismic-resistant standards. Here, the OQ
Engine configuration and the input files used are publicly
available from ESHM20 (Danciu et al., 2021b, c), but the
calculations were performed under soft soil conditions, with
a Vs30=200ms~!, corresponding to class E according to
the Eurocode 8 classification (CEN, 2004) and the National
Earthquake Hazards Reduction Program (NEHRP) (BSSC,
2004). The DTM was incorporated into the calculations.
For epistemic uncertainty representation in this study, a
total of 100000 logic trees end-branches were sampled
using the OQ random technique. The programming of
the new GMPEs, as well as all PSHA calculations in this
study, was carried out using OpenQuake (OQ) engine
(Pagani et al., 2014) version 3.21.0 in development mode
(available at https://docs.openquake.org/oq-engine/manual/
3.19/getting- started/installation-instructions/universal.html,
last access: 8 July 2025).

5 Seismic hazard assessment results and discussion

The findings of this study demonstrate the effectiveness of
using both DSHA and PSHA methodologies to generate
seabed seismic hazard maps in the IMR. The spatial haz-
ard patterns in these maps are mainly controlled by the seis-
mogenic source model and its parameters. The selected off-
shore oriented GMPEs are statistically consistent with the
onshore/near coastal data used for benchmarking. This ad-
vancement represents a significant improvement over previ-
ous results in this field. In particular, this study extends and
updates the only published maps (i.e., Molina Palacios, 1998)
in the IMR.

The seismic hazard maps presented in the results obtained
with either DSHA or PSHA suggest that the highest PGA
values are concentrated in deep seafloor areas, where areal
seismogenic sources of medium and high activity and faults
are found. It has been demonstrated in previous studies that
PGA maps depict the areas of highest seismic intensity as be-
ing limited to coastal and inland regions of the Iberian Penin-
sula and northern Africa or zones characterized by high seis-
mic activity along major tectonic fault line (e.g., Danciu et
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al., 2024; IGN-UPM, 2017; Poggi et al., 2020). However, the
present results expand the geographical coverage of previ-
ous studies by highlighting the overlapping influence of the
Gorringe and Horseshoe active zones with the SVF, MPF,
and SWIM faults (distributed across the western IMR) and
by emphasizing the significant role of the Arzew, AIF, and
YSF faults in shaping the diffuse seismicity sources in the
Alboran Sea. This is of great interest in the design of off-
shore infrastructures and their current and future deployment
on the ocean floor, as vulnerable infrastructures may be af-
fected by significant seismic effects not previously consid-
ered (Karthigeyan, 2022; Kee et al., 2023).

5.1 Probabilistic approach

The seismic hazard maps for the area between the western
Gulf of Cédiz and the eastern Alboran Sea, with return pe-
riods of 100, 475, 2475, and 5000 years are shown in Fig-
ure 8. The expected PGA values vary according to the anal-
ysed return period, generating four different seismic hazard
scenarios in the IMR. For the 100-year return period (Fig.
8A), the mean horizontal PGA values are between 0.17 and
0.60 g. For 475-year return period (Fig. 8B), these values
are between 0.26 and 1.06 g. In the case of 2475-year (Fig.
8C), the PGA values range from 0.38 to 2.59 g. Finally, for
a 5000-year return period (Fig. 8D), the PGA values are
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around 0.44-3 g, respectively. For each map shown, the high-
est PGA values are found in geographic areas over deep sub-
marine zones of the IMR that exhibit the highest levels of
seismic activity and intensity. Consequently, the highest seis-
mic hazard values in the IMR are observed across most of
the studied extent of the Gulf of Cadiz. This pattern is pri-
marily attributed to deep seismic sources, located at approxi-
mately 60 km depth, which are associated with more intense
reverse or strike-slip faulting ruptures. Notable examples in-
clude the areal sources PTAS390, ESAS129, and MASS344
within the Gorringe and Horseshoe regions. Shallower right-
lateral (RL) and reverse (RR) faults, including the SVF, MPF,
and SWIM, also contribute to the observed hazard levels. In
the Alboran Sea, the highest PGA values are mainly organ-
ised in accordance with the most active shallow fault sys-
tems, Arzew, AIF and YSF, forming a pattern of strike-slip
oriented regions. It is evident that these values exhibit a re-
duced sensitivity to the selected GMPEs, in comparison to
those obtained in the western sector of the Gulf of Cadiz. The
PGA values, attributable to the AIF surface faults, are located
over a SW-NE band that traverses the Alboran Basin and ex-
tends northwards, accompanied by a band of more attenu-
ated intensities NW-SE, as a consequence of the YSF faults’
orientation. At the easternmost point of the IMR, the Arzew
Faults, which are characterised by elevated levels of activity,
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delineate a high-hazard zone along the Algerian coast that
extends in an east-west direction, reaching almost the centre
of the Alboran Basin. This phenomenon is attributable to the
geometrical configuration of these semi-deep faults.

Regarding the locally high PGA values (approaching the
upper bound of ~ 3 g) that appear in the longest return pe-
riod map (Fig. 8D) and, to a lesser extent, in the 2475-year
return period map (Fig. 8C) should be interpreted with par-
ticular caution because long return periods are increasingly
controlled by rare, large-magnitude scenarios and by the up-
per tail of the ground-motion variability. It is likely that these
results stem from extrapolating the HZ23 model beyond its
intended range of applicability. Although HZ23 contributes
only 10 % of the total weighting scheme, it has comparatively
large aleatory variability (¢ = 0.7784). Therefore, when the
IMR hazard calculation requires evaluating scenarios that
may exceed the GMPE calibration ranges, the HZ23 branch
can disproportionately influence the high-end tail of the com-
bined hazard estimate. This effect is amplified at very low
annual exceedance probabilities (2475-5000 years), where
extrapolation beyond validated magnitude ranges and model
variability have greater leverage on the final PGA levels.
Consequently, the highest PGA patches in Figs. 8C-D should
be regarded as reflecting increased epistemic uncertainty as-
sociated with GMPEs extrapolation and variability. The over-
prediction observed in the results of the probabilistic seismic
hazard maps suggests that, while the HZ23 model may of-
fer valuable insights within its original context, its use in
the IMR should be approached with caution. Although the
hazard results remain consistent with the prevailing seismic-
ity of the study region, the highest PGA values obtained for
the 2475- and 5000-year return periods should be interpreted
with caution. Because these hazard levels are increasingly
controlled by rare large-magnitude scenarios and by extrapo-
lation beyond the calibration ranges of some of the GMPE:s,
a portion of the largest PGA estimates may reflect method-
ological artefacts associated with the upper tail of the haz-
ard calculation, rather than fully constrained physical ground
motion levels. This limitation should be taken into account,
and priority should be given to the future development of
regionally calibrated offshore GMPEs for the tectonic con-
text of the IMR to reduce uncertainty in the large magnitude
range.

Results show significant differences compared to previous
PSHA studies in the IMR (e.g., Molina Palacios, 1998), par-
ticularly in marine zones. These results not only refine previ-
ous assessments in IMR but also improve the understanding
of the tectonic influence on offshore seismicity. More recent
SHAs typically highlight the higher seismic intensity in the
coastal areas of the Iberian Peninsula and North Africa (e.g.,
Danciu et al., 2024; IGN-UPM, 2017; Poggi et al., 2020).
However, these new results extend the geographical scope of
seismic hazard studies in the region by demonstrating consid-
erable seismic activity in the marine areas of the IMR. This
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emphasizes the need to consider seabed seismic dynamics in
regional SHA studies.

The resulting seismic hazard maps could be highly valu-
able for offshore infrastructure design, as they highlight the
potential vulnerability of current and future subsea facilities
in the region. Hazard results are presented in terms of seabed
PGAs, which enables first-order screening of offshore shak-
ing demand. Spectral acceleration Sa(7") hazard maps, which
are more directly linked to structural response at different pe-
riods, are not provided because the selected offshore GMPEs
that have been implemented are currently developed for PGA
(and, in some cases, PGV) (e.g., Dhakal et al., 2024; Nakan-
ishi and Takemura, 2024).

5.2 Deterministic approach

The obtained mean PGA (g) seismic hazard map (Fig. 9),
considering the distribution of maximum control scenarios
at each of the 3854 study sites (Fig. S2), was generated by
incorporating the DTM into the calculation, as well as the
specific rupture mode of each fault and seismogenic source
(Tables S1 and S2) and the GMPEs considered in this study:
IDRI1, HZ23, NT24, and DKK24. As illustrated in the ap-
plied logic tree (Fig. 7A), the weighted implementation of
each GMPE has resulted in a consolidated seismic hazard
scenario, which has been weighted according to Eq. (13).
The expected PGA values in the deterministic seismic haz-
ard scenario are between 0.58 and 2.55 g. The spatial distri-
bution of accelerations shows that the highest PGA values
are found in the Gorringe seafloor and extend to the Horse-
shoe Plain. These abyssal areas are influenced by seismo-
genic sources and faults with moderate to strong seismicity,
generating PGA outliers in the area, ranging approximately
between 1.2 and 2.55 g. To the east, PGA values range from
0.65 to 1.8 g. This relates to a sequence of moderate seismic-
ity sources along the Algerian coastal zone, together with the
Arzew faults. Notably, the use of a DTM to determine the
three-dimensional location of each calculation site, may re-
sult in amplified PGA values in areas where the site depth
is closer to the seismic source, particularly in the deeper
oceanic regions of the IMR. In general terms, the PGA (g)
map obtained show a geographical distribution of the maxi-
mum values over the Atlantic areas of Gorringe, Horseshoe
and Coral Patch, as well as off the Algerian coast, in the
Mediterranean Basin of the Alboran Sea. This coincides with
the areas of highest seismogenic potential in the IMR.

As Reiter (1990) points out, the DSHA does not contem-
plate the inherent uncertainty in the estimation of seismic
hazard, since the frequency of occurrence and magnitudes
are not explicitly considered. So, a less accurate version, dis-
tributing the uncertainty due to randomness in the attenua-
tion functions over a large region, is preferable, even though
it provides larger values as in this work. These PGA values
can be used as preliminary upper bounds of those that can be
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achieved, for different exceedance probabilities, rather than
working with more precise, but less accurate PGAs.

The decision for the SHA method is based on its suitability
for assessing earthquake hazards, as earthquakes are inher-
ently random and unpredictable. It is important to acknowl-
edge that hazard estimates cannot be fully verified due to the
nature of seismic events (Musson, 2012a, b; Wang, 2012).
Therefore, the use of DSHA could be recommended for crit-
ical industrial facilities of socioeconomic relevance.

5.3 Distribution of PGAs amplification relative to a
baseline PSHA using the ESHM20 model (rock,
onshore).

Baseline PSHA seismic hazard maps were computed using
the published ESHM?20 source model and GMPE logic tree
exactly as released (rock, onshore site conditions) (Danciu et
al., 2021a, b, ¢, 2024), clipped to our study zone in the IMR,
to provide a reference for how the hazard results obtained, by
incorporating seabed-specific GMPEs and bathymetry, alter
PGA values. These baseline results are not part of the official
ESHM?20 products and are used here strictly as a method-
ological contrast. The distribution of PGA values obtained by
baseline PSHA (ESHM20 model; rock) is increased through-
out all its range (Fig. 10A and B). Incorporating the re-
lief of the ocean floor through bathymetry has an effect, al-

https://doi.org/10.5194/nhess-26-4177-2026

1

though not as significant as the amplification of the attenu-
ation curves. The deeper the seismic intensity increases, the
closer the control point is to the seismogenic sources in rela-
tion to inshore territory or mean sea level.

The combination of GMPEs, bathymetry and the spatial
distribution of seismogenic sources in this study has provided
a new geographical pattern of amplification rates PGA (see
Figs. 10C and D) very similar for different return periods. As
demonstrated in the literature (see Dhakal et al., 2021; Hu
et al., 2020), offshore sites exhibit differing distance atten-
uation when compared to inshore sites. This discrepancy is
due to the incorporation of modifications to offshore zones as
specified by the authors of the GMPEs within the model. It is
acknowledged that some of the offshore GMPEs used (HZ23
and NT24) are derived from onshore GMPEs. The maximum
amplification reaches approximately about 7 to 9 times in
deepest areas of the IMR eastern limits, all very specifically
located in AOB. In the remaining zones, the rate of increase
of the PGA is within the medium ranges in comparison to the
reference PGA ek values in rock and emerged terrain (PGA
calculated using the ESHM?20 seismic model with the PSHA
approach). It is observed that, in most of the studied area,
the amplification rates were found to be less than five times
in all seismic hazard scenarios. The site effect is primarily
attributable to the attenuation characteristics of soft seafloor
soils and their depth found in WAB and AOB (Chen et al.,
2023; Diao et al., 2014), which are incorporated through the
GMPEs used.

Regarding the spatial distribution of PGAs amplification
rates, the highest amplification rates (represented by yellow,
orange and red colors), exceeding five to nine times max
the PGA values from the baseline PSHA (ESHM20 model;
rock), are concentrated in regions where the expected PGA
values are relatively low, such as the Algero-Balearic Basin.
Mid-range amplification rates (blue, green and olive colors)
are distributed across the entire study area. In this case, re-
gions where the PGA values are already high, such as the
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Gorringe Ridge, Horseshoe Abyssal Plain, and the Algerian
margin, the amplification rates tend to be moderate, typi-
cally ranging between 2 and 4 times the PGA k. On the
other hand, the lowest amplification rates (blue color) are
observed in the West Alboran Basin (WAB), following the
Alboran Ridge and Channel, as well as in the Gulf of Cadiz.
As illustrated in these amplification maps, the phenomenon
is most evident in the West Alboran WAB and the Algerian
Ocean Basin (AOB), extending to the west in the Gorringe
Ridge and Tagus Plain. In such instances, the site effect as-
sumes a heightened significance, particularly in the context
of basin bottoms characterised by the accumulation of sub-
stantial sedimentary deposits.

Within IMR geographical framework, no discernible spa-
tial correlation is identified between the amplification out-
comes resulting from the GMPEs used in this study. Areas
exhibiting low seismic intensity, such as AOB, demonstrate
a substantial amplification effect, while regions characterised
by higher PGA values exhibit average amplifications, as ob-
served in the Gorringe Ridge area, or even attenuations to
the west of Gorringe Bank and in the AIF and YSF fields.
Excluding these areas where the PGA values are highest or
lowest, the study area shows an amplification rate of less than
three times, despite the variations in the PGA values obtained
with the GMPEs used and with the baseline ESHM?20.

Due to the absence of data concerning strong motion
events within the IMR, there exists inadequate empirical data
within the magnitude-distance range to directly develop a
GMPE using empirical regression techniques. The authors
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of this study argue that there is a significant need for under-
water seismic observation stations. This need arises from the
considerable uncertainty and limited understanding of atten-
uation processes within the IMR. This is regardless of the
extensive knowledge already available on amplification and
attenuation processes caused by the substantial water column
and the rheological characteristics of the ocean floor. To ad-
dress this gap, the authors recommend implementing under-
water seismic stations similar to those used in the United
States (Boore and Smith, 1999) and the S-Net network in
Japan (Kanazawa, 2013).

This approach would enable two key advancements: (1)
calibration and empirical modification of existing GMPE, as
demonstrated in HZ23; (2) reformulation of a regionally ad-
justable backbone attenuation function, or a system of er-
godic functions, to better capture ground motion variability.
Such methods have already been successfully applied in seis-
motectonic settings, as shown in the ESHM?20 model (Kotha
et al., 2020; Weatherill and Cotton, 2020). These improve-
ments would be tailored to the specific Vs30 and D14 distri-
bution characteristics of the IMR as recently detailed by Hu
et al. (2024).

6 Conclusions
This study addresses the critical need for a comprehensive

seismic hazard assessment in the IMR, particularly in the
marine domain between the Gulf of Cadiz and the Albo-
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ran Sea. Despite the well-documented historical and instru-
mental seismicity of the region, previous hazard studies have
largely focused on terrestrial zones, leaving a considerable
gap in our understanding of undersea seismic hazard, es-
pecially in terms of PGA at the seabed level. This work
contributes to filling that gap by applying both probabilistic
(PSHA) and deterministic (DSHA) methodologies, adapted
to offshore conditions and integrated with recent develop-
ments in seismogenic zonation (ESHM20) and GMPEs. This
study has demonstrated that PGA estimation for seabed con-
ditions is both feasible and meaningful, providing crucial in-
sight for hazard mitigation planning in marine environments.

Key findings show that significant PGA values are present
across deep marine zones of the IMR, particularly over the
Gorringe Ridge, Horseshoe Plain, and along active fault
zones near the Algerian margin. The results confirm a con-
sistent spatial distribution of hazard for both DSHA and
PSHA approaches, with maximum values occurring over re-
gions characterised by dense seismogenic activity and struc-
tural complexity. The incorporation of four GMPEs (IDR91,
HZ23, NT24, and DKK?24) allowed a comparative analy-
sis of offshore attenuation behaviour. Among these, NT24
and DKK?24 provided the best statistical fit to observed re-
gional ground motion data, while HZ23 exhibited overesti-
mation tendencies beyond its intended magnitude range, in-
dicating potential constraints in its application to this region.
The logic-tree framework adopted in both DSHA and PSHA
enabled the epistemic uncertainty to be systematically incor-
porated into the hazard modelling. The overestimation ob-
served with HZ23 highlights the importance of developing
or calibrating GMPEs specifically for the IMR, particularly
for large magnitude, short distance offshore events. Given the
extrapolation beyond the validated model range, we recom-
mend that future SHA applications in the IMR down-weight
HZ23 in the logic tree or exclude it of the analyses to avoid
potential overestimation of PGAs in the region.

The findings provide a regional-scale hazard character-
ization and a first-order screening framework for assess-
ing potential seismic exposure of subsea infrastructures,
such as pipelines, submarine telecommunication cables, off-
shore energy facilities, and potential transcontinental tun-
nels. Current hazard assessments based solely on terres-
trial models may significantly underestimate seabed acceler-
ations and associated risks in the IMR. Moreover, the results
underscore the importance of incorporating seabed-specific
GMPEs and digital terrain models in offshore SHA, as
bathymetry demonstrably affects source-to-site distances and
thus ground motion predictions. In this context, the PGA-
based hazard maps provide first-order screening of seabed
shaking for offshore infrastructures. However, because sub-
sea assets exhibit a wide range of fundamental periods, a
complete design-oriented hazard characterization ideally in-
cludes spectral acceleration Sa(T) at representative periods.
The Sa(T) characterization remains a necessary next step for
detailed structural design of subsea structures with longer

https://doi.org/10.5194/nhess-26-4177-2026

natural periods. Future work will extend the framework to
Sa(T) hazard and uniform hazard spectra once suitable off-
shore spectral GMPEs and/or regionally calibrated models
for the IMR become available.

However, some limitations remain to be addressed. The
scarcity of direct offshore strong-motion records and the use
of a uniform Vs30 proxy to represent soft soils in the IMR
required the adoption of GMPEs derived from analogue seis-
motectonic contexts, such as the Japan Trench. While this
approach was statistically validated, the use of offshore GM-
PEs developed for the Japan Trench region represents one
of the main sources of uncertainty in the study. Although
these models represent the most suitable currently available
formulations for offshore applications and capture several
physical processes specific to seafloor ground motions, the
tectonic analogy remains imperfect. The IMR is a complex
plate boundary region characterized by diffuse deformation,
whereas the Japan Trench represents a more clearly defined
subduction setting. These uncertainties should be addressed
in future studies through the expansion of OBS monitoring
networks in the region and region-specific GMPE calibra-
tion. Similarly, the DTM resolution, though consistent with
regional studies, may benefit from refinement in areas of
steep bathymetric gradients to improve hazard detail, accord-
ingly, to include possible site-effects. Moreover, the poten-
tial interaction between earthquakes and coseismic hazards
(such as landslides and tsunamis) requires further research.
This could be approached through integrated, multihazard as-
sessment frameworks to better understand and manage these
complex interdependencies.

The integration of Neo-deterministic Seismic Hazard
Assessment (NDSHA) method and machine-learning ap-
proaches for source characterisation are promising avenues.
Under the adopted modelling choices, both DSHA and
PSHA yield consistent spatial patterns of high hazard over
major offshore structures in the IMR.

Code availability. All MATLAB® scripts and configuration files
used to perform the DSHA calculations in this study are publicly
available at https://es.mathworks.com/matlabcentral/fileexchange/
183034-dsha (last access: 24 August 2026). OpenQuake (OQ) en-
gine code is publicly available at https://www.globalquakemodel.
org/product/openquake-engine (last access: 24 August 2026).

Data availability. This work used publicly available ESHM20
datasets  (accessible via  https://doi.org/10.12686/ESHM20-
MAIN-DATASETS, Danciu et al., 2021a and
https://doi.org/10.12686/ESHM20-OQ-INPUT, Danciu et al.,
2021b). The EMODnet Bathymetry World Base Layer (EBWBL)
(https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcbaddS5f2e75,
GGS Geo Consultancy, 2024).

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026


https://es.mathworks.com/matlabcentral/fileexchange/183034-dsha
https://es.mathworks.com/matlabcentral/fileexchange/183034-dsha
https://www.globalquakemodel.org/product/openquake-engine
https://www.globalquakemodel.org/product/openquake-engine
https://doi.org/10.12686/ESHM20-MAIN-DATASETS
https://doi.org/10.12686/ESHM20-MAIN-DATASETS
https://doi.org/10.12686/ESHM20-OQ-INPUT
https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcba4d5f2e75

4194

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/nhess-26-4177-2026-supplement.

Author contributions. AJRB, CPB and MLI: investigation. AJRB
and CPB: conceptualization. AJRB and CPB: data preparation.
AJRB and CPB: methodology. AJRB and CPB: software. AJRB
and CPB: formal analysis. AJRB: writing (original draft). AJRB,
CPB and MLI: writing (review and editing). AJRB, CPB and MLI:
visualization. CPB and MLI: supervision. MLI: validation.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors would like to express their grat-
itude to Jodo Fonseca and Alexandra Carvalho, whose sug-
gestions helped improve and clarify the manuscript. The au-
thors would also like to thank Dr. Laurentiu Danciu for his
valuable comments. The authors acknowledge GGS Geo Con-
sultancy and the EMODnet Bathymetry Consortium to allow
the download and use of the EMODnet Bathymetry World
Base Layer (EBWBL) (https://doi.org/10.12770/386fe2aa-84c4-
4cea-9e22-fcbad4dSf2e75, GGS Geo Consultancy, 2024).

Financial support. The article processing charges for this open-
access

publication were covered by the CSIC Open Access Publication
Support Initiative through its Unit of Information Resources for Re-
search (URICI).

Review statement. This paper was edited by Veronica Pazzi and re-
viewed by Alexandra Carvalho and Jodo Fonseca.

References

AEIS-IGN: Seminario sobre criterios sismicos para centrales
nucleares y obras publicas: Madrid, 29-30 de marzo de
1978, Asoc. Esp. Ing. Sismica AEIS Inst. Geogrifico
Nac. IGN, http://pascal-francis.inist.fr/vibad/index.php?action=
getRecordDetail &idt=8885840 (last access: 25 August 2026),
1979.

Ang, A. H. S. and Tang, W. H.: Probability Concepts in Engineer-
ing: Emphasis on Applications to Civil and Environmental En-

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

gineering, 2nd edn., John Wiley & Sons, Hoboken, New Jersey,
406 pp., ISBN 9780471720645, 2007.

Atik, L. A., Abrahamson, N., Bommer, J. J., Scherbaum, F., Cotton,
F., and Kuehn, N.: The Variability of Ground-Motion Prediction
Models and Its Components, Seismol. Res. Lett., 81, 794-801,
https://doi.org/10.1785/gssrl.81.5.794, 2010.

Ayadi, A. and Bezzeghoud, M.: Seismicity of Algeria from 1365 to
2013: Maximum Observed Intensity Map (MOI2014), Seismol.
Res. Lett., 86, 236-244, https://doi.org/10.1785/0220140075,
2014.

Baez, J. C., Vazquez, J.-T., Camifas, J. A., and Malouli
Idrissi, M. (Eds.): Alboran Sea - Ecosystems and Ma-
rine Resources, Springer International Publishing, Cham,
https://doi.org/10.1007/978-3-030-65516-7, 2021.

Barani, S., Albarello, D., Massa, M., and Spallarossa, D.:
Influence of Twenty Years of Research on Ground-Mo-
tion Prediction Equations on Probabilistic Seismic Haz-
ard in Italy, Bull. Seismol. Soc. Am., 107, 240-255,
https://doi.org/10.1785/0120150276, 2016.

Basili, R., Danciu, L., Beauval, C., Sesetyan, K., Vilanova, S. P.,
Adamia, S., Arroucau, P., Atanackov, J., Baize, S., Canora, C.,
Caputo, R., Carafa, M. M. C., Cushing, E. M., Custddio, S.,
Demircioglu Tumsa, M. B., Duarte, J. C., Ganas, A., Garcia-
Mayordomo, J., Gémez de la Pefia, L., Gracia, E., Jamsek
Rupnik, P., Jomard, H., Kastelic, V., Maesano, F. E., Martin-
Banda, R., Martinez-Loriente, S., Neres, M., Perea, H., Sket
Motnikar, B., Tiberti, M. M., Tsereteli, N., Tsironi, V., Val-
lone, R., Vanneste, K., Zupancic, P., and Giardini, D.: The Euro-
pean Fault-Source Model 2020 (EFSM20): geologic input data
for the European Seismic Hazard Model 2020, Nat. Hazards
Earth Syst. Sci., 24, 3945-3976, https://doi.org/10.5194/nhess-
24-3945-2024, 2024.

Benfedda, A., Bouhadad, Y., Boughacha, M. S., Guessoum, N.,
Abbes, K., and Bezzeghoud, M.: The Oran January 9th (Mw 4.7)
and June 6th, 2008 (Mw 5.4) earthquakes: Seismological study
and seismotectonic implication, J. Afr. Earth Sci., 169, 103896,
https://doi.org/10.1016/j.jafrearsci.2020.103896, 2020.

Benito, B. and Jiménez, E.: Peligrosidad sismica, Fisica Tierra, 11,
1347, 1999.

Ben-Zion, Y., Lee, W. H. K., Kanamori, H., Jennings, P. C., and
Kisslinger, C.: Key formulas in earthquake seismology, Int.
Handb. Earthq. Eng. Seismol., 81, 1857-1875, 2003.

Boore, D. M. and Smith, C. E.: Analysis of earthquake
recordings obtained from the Seafloor Earthquake Measure-
ment System (SEMS) instruments deployed off the coast of
southern California, Bull. Seismol. Soc. Am., 89, 260-274,
https://doi.org/10.1785/BSSA0890010260, 1999.

BSSC: NEHRP recommended provisions for seismic regulations
for new buildings and other structures (FEMA 450). Part
1: Provisions., Build. Seism. Saf. Counc. BSSC Natl. Inst.
Build. Sci. Wash. DC USA, https://nehrpsearch.nist.gov/article/
PB2008-105291/XAB (last access: 25 August 2026), 2004.

Budnitz, R. J., Apostolakis, G., and Boore, D. M.: Recommen-
dations for probabilistic seismic hazard analysis: Guidance
on uncertainty and use of experts, US Nuclear Regulatory
Commission (NRC), Washington, DC (United States). Div. of
Engineering Technology; Lawrence Livermore National Lab.
(LLNL), Livermore, CA (United States); Electric Power Re-
search Inst. (EPRI), Palo Alto, CA (United States); US De-

https://doi.org/10.5194/nhess-26-4177-2026


https://doi.org/10.5194/nhess-26-4177-2026-supplement
https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcba4d5f2e75
https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcba4d5f2e75
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=8885840
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=8885840
https://doi.org/10.1785/gssrl.81.5.794
https://doi.org/10.1785/0220140075
https://doi.org/10.1007/978-3-030-65516-7
https://doi.org/10.1785/0120150276
https://doi.org/10.5194/nhess-24-3945-2024
https://doi.org/10.5194/nhess-24-3945-2024
https://doi.org/10.1016/j.jafrearsci.2020.103896
https://doi.org/10.1785/BSSA0890010260
https://nehrpsearch.nist.gov/article/PB2008-105291/XAB
https://nehrpsearch.nist.gov/article/PB2008-105291/XAB

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

partment of Energy (USDOE), Washington DC (United States),
https://doi.org/10.2172/479072, 1997.

Buforn, E. and Udias, A.: Sismicidad y mecanismo focal de los ter-
remotos de la regién Cabo de San Vicente-Argelia, Rev. Soc. Ge-
oldgica Esp., 20, 301-310, 2007.

Buforn, E., Sanz de Galdeano, C., and Udias, A.: Seismotectonics
of the Ibero-Maghrebian region, Tectonophysics, 248, 247-261,
https://doi.org/10.1016/0040-1951(94)00276-F, 1995.

Buforn, E., Udfas, A., and Pro, C.: Large Earthquakes at the
Ibero-Maghrebian Region: Basis for an EEWS, Pure Appl.
Geophys., 172, 2387-2396, https://doi.org/10.1007/s00024-014-
0954-0, 2015.

Buforn, E., Udias, A., and Pro, C.: Source mechanism stud-
ies of earthquakes in the Ibero-Maghrebian region and
their tectonic implications, J. Seismol., 20, 1075-1088,
https://doi.org/10.1007/s10950-015-9551-7, 2016.

Burden, R. L., Faires, J. D., and Burden, A. M.: Numerical Anal-
ysis, 10th edn., Cengage Learning, Boston, MA, 912 pp., ISBN
9781305253667, 2015.

Campbell, K. W. and Bozorgnia, Y.: Updated Near-Source Ground-
Motion (Attenuation) Relations for the Horizontal and Verti-
cal Components of Peak Ground Acceleration and Accelera-
tion Response Spectra, Bull. Seismol. Soc. Am., 93, 314-331,
https://doi.org/10.1785/0120020029, 2003.

Candia, G., Macedo, J., Jaimes, M. A., and Magna-Verdugo, C.: A
New State-of-the-Art Platform for Probabilistic and Determinis-
tic Seismic Hazard Assessment, Seismol. Res. Lett., 90, 2262—
2275, https://doi.org/10.1785/0220190025, 2019.

CEN: Eurocode 8: design of structures for earthquake resistance
— part 1: general rules, seismic actions and rules for build-
ings, Eur. Comm. Stand. CEN Bruss., BS EN 1998-1:2004:
E, 219, https://www.confinedmasonry.org/wp-content/uploads/
2009/09/Eurocode- 8- 1-Earthquakes- general.pdf (last access: 25
August 2026), 2004.

Chen, B., Wang, D., Li, H., Sun, Z., and Shi, Y.: Characteristics
of Earthquake Ground Motion on the Seafloor, J. Earthq. Eng.,
19, 874-904, https://doi.org/10.1080/13632469.2015.1006344,
2015.

Chen, B., Wang, B., Ma, Z., Du, Y., and Li, C.: Influence of seawa-
ter depth on offshore ground motion characteristics and seismic
responses of sea-crossing cable-stayed bridges, Ocean Eng., 280,
114853, https://doi.org/10.1016/j.oceaneng.2023.114853, 2023.

Chen, B., Wang, B., Hu, S., and Bi, K.: The influence of seabed on
offshore ground motion, Soil Dyn. Earthq. Eng., 179, 108567,
https://doi.org/10.1016/j.s0ildyn.2024.108567, 2024a.

Chen, W., Lin, J., Zheng, Y., Su, L., Chen, G., and Huang, L.:
Nonlinear seismic response of seabed with terrain variation and
seawater-seabed coupling, Soil Dyn. Earthq. Eng., 180, 108579,
https://doi.org/10.1016/j.s0ildyn.2024.108579, 2024b.

Chen, Y.-S., Weatherill, G., Pagani, M., and Cotton, F.: A trans-
parent and data-driven global tectonic regionalization model for
seismic hazard assessment, Geophys. J. Int., 213, 1263-1280,
https://doi.org/10.1093/gji/ggy005, 2018.

Chester, D. K.: The 1755 Lisbon
Prog. Phys. Geogr. Earth Environ., 25,
https://doi.org/10.1177/030913330102500304, 2001.

Coles, S.: An Introduction to Statistical Modeling of Extreme
Values, Springer, London, https://doi.org/10.1007/978-1-4471-
3675-0, 2001.

earthquake,
363-383,

https://doi.org/10.5194/nhess-26-4177-2026

4195

Coppersmith, K. J. and Youngs, R. R.: Capturing uncertainty in
probabilistic seismic hazard assessments within intraplate tec-
tonic environments, in: Proceedings of the Third US national
conference on earthquake engineering, Vol. 1, Charleston, South
Carolina, USA, 24-28 August, 301-312, ISBN 0943198070,
1986.

Cornell, C. A.: Engineering
sis, Bull.  Seismol. Soc. Am., 58,
https://doi.org/10.1785/BSSA0580051583, 1968.

Cornell, C. A., Howells, D. A., Haigh, I. P, and Taylor, C.: Prob-
abilistic analysis of damage to structures under seismic loads,
Dyn. Waves Civ. Eng., 473-488, 1971.

Crespo, M. J., Martinez, F., and Marti, J.: Seismic hazard of the
Iberian Peninsula: evaluation with kernel functions, Nat. Hazards
Earth Syst. Sci., 14, 1309-1323, https://doi.org/10.5194/nhess-
14-1309-2014, 2014.

Custddio, S., Lima, V., Vales, D., Cesca, S., and Carrilho, F.: Imag-
ing active faulting in a region of distributed deformation from
the joint clustering of focal mechanisms and hypocentres: Ap-
plication to the Azores—western Mediterranean region, Tectono-
physics, 676, 70-89, https://doi.org/10.1016/j.tecto.2016.03.013,
2016.

D’Acremont, E., Lafuerza, S., Rabaute, A., Lafosse, M., Jol-
livet Castelot, M., Gorini, C., Alonso, B., Ercilla, G., Vazquez,
J. T., Vandorpe, T., Juan, C., Migeon, S., Ceramicola, S.,
Lopez-Gonzalez, N., Rodriguez, M., El Moumni, B., Ben-
marha, O., and Ammar, A.: Distribution and origin of sub-
marine landslides in the active margin of the southern Albo-
ran Sea (Western Mediterranean Sea), Mar. Geol., 445, 106739,
https://doi.org/10.1016/j.margeo.2022.106739, 2022.

Danciu, L., Nandan, S., Reyes, C., Basili, R., Weatherill, G.,
Beauval, C., Rovida, A., Vilanova, S., Sesetyan, K., Bard, P.-
Y., Cotton, F., Wiemer, S., and Giardini, D.: Main Datasets
of the 2020 Update of the European Seismic Hazard Model
(ESHM20), EFEHR Eur. Facil. Earthq. Hazard Risk [data set],
https://doi.org/10.12686/ESHM20-MAIN-DATASETS, 2021a.

Danciu, L., Nandan, S., Reyes, C., Wiemer, S., and Giardini, D.:
OpenQuake Input Files for the 2020 Update of the European
Seismic Hazard Model (ESHM20), EFEHR Eur. Facil. Earthq.
Hazard Risk [data set], https://doi.org/10.12686/ESHM20-0Q-
INPUT, 2021b.

Danciu, L., Nandan, S., Reyes, C. G., Basili, R., Weatherill,
G., Beauval, C., Rovida, A., Vilanova, S., Sesetyan, K., and
Bard, P.-Y.: The 2020 update of the European Seismic Haz-
ard Model-ESHM?20: Model Overview, EFEHR Tech. Rep., 1,
https://doi.org/10.3929/ethz-b-000590386, 202 1c.

Danciu, L., Giardini, D., Weatherill, G., Basili, R., Nandan,
S., Rovida, A., Beauval, C., Bard, P.-Y., Pagani, M., Reyes,
C. G., Sesetyan, K., Vilanova, S., Cotton, F., and Wiemer,
S.: The 2020 European Seismic Hazard Model: overview
and results, Nat. Hazards Earth Syst. Sci., 24, 3049-3073,
https://doi.org/10.5194/nhess-24-3049-2024, 2024.

Dhakal, Y. P. and Kunugi, T.: Preliminary analysis of non-
linear site response at the S-net seafloor sites during
three Mw 7 class earthquakes, Front. Earth Sci., 11,
https://doi.org/10.3389/feart.2023.1180289, 2023.

Dhakal, Y. P., Kunugi, T., Suzuki, W., Kimura, T., Morikawa,
N., and Aoi, S.: Strong Motions on Land and Ocean Bot-
tom: Comparison of Horizontal PGA, PGV, and 5 % Damped

seismic  risk  analy-
1583-1606,

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026


https://doi.org/10.2172/479072
https://doi.org/10.1016/0040-1951(94)00276-F
https://doi.org/10.1007/s00024-014-0954-0
https://doi.org/10.1007/s00024-014-0954-0
https://doi.org/10.1007/s10950-015-9551-7
https://doi.org/10.1785/0120020029
https://doi.org/10.1785/0220190025
https://www.confinedmasonry.org/wp-content/uploads/2009/09/Eurocode-8-1-Earthquakes-general.pdf
https://www.confinedmasonry.org/wp-content/uploads/2009/09/Eurocode-8-1-Earthquakes-general.pdf
https://doi.org/10.1080/13632469.2015.1006344
https://doi.org/10.1016/j.oceaneng.2023.114853
https://doi.org/10.1016/j.soildyn.2024.108567
https://doi.org/10.1016/j.soildyn.2024.108579
https://doi.org/10.1093/gji/ggy005
https://doi.org/10.1177/030913330102500304
https://doi.org/10.1007/978-1-4471-3675-0
https://doi.org/10.1007/978-1-4471-3675-0
https://doi.org/10.1785/BSSA0580051583
https://doi.org/10.5194/nhess-14-1309-2014
https://doi.org/10.5194/nhess-14-1309-2014
https://doi.org/10.1016/j.tecto.2016.03.013
https://doi.org/10.1016/j.margeo.2022.106739
https://doi.org/10.12686/ESHM20-MAIN-DATASETS
https://doi.org/10.12686/ESHM20-OQ-INPUT
https://doi.org/10.12686/ESHM20-OQ-INPUT
https://doi.org/10.3929/ethz-b-000590386
https://doi.org/10.5194/nhess-24-3049-2024
https://doi.org/10.3389/feart.2023.1180289

4196

Acceleration Response Spectra in Northeast Japan and the
Japan Trench Area, Bull. Seismol. Soc. Am., 111, 3237-3260,
https://doi.org/10.1785/0120200368, 2021.

Dhakal, Y. P., Kubo, H., and Kunugi, T.: Prediction Equations
for Peak-Ground Accelerations and Velocities in Northeast
Japan Using the S-net Data, J. Disaster Res., 19, 760-771,
https://doi.org/10.20965/jdr.2024.p0760, 2024.

Diao, H., Hu, J., and Xie, L.: Effect of seawater on incident
plane P and SV waves at ocean bottom and engineering char-
acteristics of offshore ground motion records off the coast of
southern California, USA, Earthq. Eng. Eng. Vib., 13, 181-194,
https://doi.org/10.1007/s11803-014-0222-4, 2014.

Douglas, J.: Ground motion prediction equations 1964-2023 [on-
line resource], https://doi.org/10.6084/m9.figshare.26827750,
2024.

EPRI: Seismic hazard methodology for the central and eastern
United States, Seysmicity Own. Group Electr. Power Res. Inst.
EPRI, P101-38-45-46, 2256-14, Report NP-472, 1987.

Epstein, B. and Lomnitz, C.: A Model for the Occur-
rence of Large Earthquakes, Nature, 211, 954-956,
https://doi.org/10.1038/211954b0, 1966.

Ercilla, G., Casas, D., Alonso, B., Casalbore, D., Galindo-Zaldivar,
J., Garcia-Gil, S., Martorelli, E., Vazquez, J.-T., Azpiroz-Zabala,
M., DoCouto, D., Estrada, F., Fernandez-Puga, M. C., Gonzilez-
Castillo, L., Gonzdlez-Vida, J. M., Idarraga-Garcia, J., Juan, C.,
Macias, J., Madarieta-Txurruka, A., Nespereira, J., Palomino, D.,
Sanchez-Guillamoén, O., Tendero-Salmeron, V., Teixeira, M., Va-
lencia, J., and Yenes, M.: Offshore Geological Hazards: Charting
the Course of Progress and Future Directions, Oceans, 2, 393—
428, https://doi.org/10.3390/0ceans2020023, 2021.

Fernandes, R. M. S., Miranda, J. M., Meijninger, B. M. L., Bos, M.
S., Noomen, R., Bastos, L., Ambrosius, B. A. C., and Riva, R.
E. M.: Surface velocity field of the Ibero-Maghrebian segment
of the Eurasia-Nubia plate boundary, Geophys. J. Int., 169, 315—
324, https://doi.org/10.1111/j.1365-246X.2006.03252.x, 2007.

Fonseca, J. F. B. D.: A Reassessment of the Magnitude of the
1755 Lisbon Earthquake, Bull. Seismol. Soc. Am., 110, 1-17,
https://doi.org/10.1785/0120190198, 2020.

Garcia-Fernandez, M., Vaccari, F., Jiménez, M.-J., Magrin, A., Ro-
manelli, F., and Panza, G. F.: Chapter 24 — Regional application
of the NDSHA approach for continental seismogenic sources in
the Iberian Peninsula, in: Earthquakes and Sustainable Infras-
tructure, edited by: Panza, G. F., Kossobokov, V. G., Laor, E., and
De Vivo, B., Elsevier, 491-514, https://doi.org/10.1016/B978-0-
12-823503-4.00006-3, 2022.

Garcia Mayordomo, J.: Creacion de un modelo de zonas sismogéni-
cas para el cdlculo del Mapa de Peligrosidad Sismica de Espaiia,
CSIC - Instituto Geoldgico y Minero de Espafia (IGME), ISBN
9788478409648, 2015.

GEBCO Bathymetric Compilation Group 2024: The GEBCO_2024
Grid — a continuous terrain model of the global oceans
and land, NERC EDS British Oceanographic Data Centre
NOC [data set], https://doi.org/10.5285/1c44ce99-0a0d-5f4f-
€063-7086abc0ealf, 2024.

GGS Geo Consultancy: EMODNET Bathymetry World Base
Layer version 1, EMODnet Bathymetry Consortium [data
set], https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-
fcbadd5f2e75, 2024.

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

Goded, T., Buforn, E., and Mufioz, D.: The 1494 and 1680 Malaga
(Southern Spain) Earthquakes, Seismol. Res. Lett., 79, 707-715,
https://doi.org/10.1785/gssrl.79.5.707, 2008.

Gonzalez-Castillo, L., Galindo-Zaldivar, J., de Lacy, M. C., Borque,
M. J., Martinez-Moreno, F. J., Garcia-Armenteros, J. A., and Gil,
A.J.: Active rollback in the Gibraltar Arc: Evidences from CGPS
data in the western Betic Cordillera, Tectonophysics, 663, 310—
321, https://doi.org/10.1016/j.tecto.2015.03.010, 2015.

Grasso, S. and Maugeri, M.: The Seismic Microzonation of
the City of Catania (Italy) for the Etna Scenario Earthquake
(M = 6.2) of 20 February 1818, Earthq. Spectra, 28, 573-594,
https://doi.org/10.1193/1.4000013, 2012.

Grevemeyer, 1., Lange, D., Villinger, H., Custddio, S., and Matias,
L.: Seismotectonics of the Horseshoe Abyssal Plain and Gor-
ringe Bank, eastern Atlantic Ocean: Constraints from ocean bot-
tom seismometer data, J. Geophys. Res.-Solid Earth, 122, 63-78,
https://doi.org/10.1002/2016JB013586, 2017.

Guo, Z., Hong, Y., and Jeng, D.-S.: Structure—Seabed Interac-
tions in Marine Environments, J. Mar. Sci. Eng., 9, 972,
https://doi.org/10.3390/jmse9090972, 2021.

Gutscher, M.-A., Malod, J., Rehault, J.-P, Contrucci, I.,
Klingelhoefer, F., Mendes-Victor, L., and Spakman,
W.: Evidence for active subduction beneath Gibraltar,
Geology, 30, 1071-1074, https://doi.org/10.1130/0091-
7613(2002)030<1071:EFASBG>2.0.CO;2, 2002.

Hamidatou, M., Hallal, N., Lebdioui, S., Agius, M. R., and Sawires,
R.: Probabilistic and Deterministic Seismic Hazard Assessments
for Northeast Algeria: Insights into the Damaging Impact of the
August 7, 2020 (Mw 5.0) Mila Earthquake, Pure Appl. Geophys.,
https://doi.org/10.1007/s00024-024-03593-y, 2024.

Herraiz, M., De Vicente, G., Lindo-Naupari, R., Giner, J., Simén,
J. L., Gonzdlez-Casado, J. M., Vadillo, O., Rodriguez-Pascua,
M. A., Cicuéndez, J. 1., Casas, A., Cabaiias, L., Rinc6n, P,
Cortés, A. L., Ramirez, M., and Lucini, M.: The recent (up-
per Miocene to Quaternary) and present tectonic stress dis-
tributions in the Iberian Peninsula, Tectonics, 19, 762-786,
https://doi.org/10.1029/2000TC900006, 2000.

Hu, J., Tan, J., and Zhao, J. X.: New GMPEs for the Sagami Bay
Region in Japan for Moderate Magnitude Events with Emphasis
on Differences on Site Amplifications at the Seafloor and Land
Seismic Stations of K-NET, Bull. Seismol. Soc. Am., 110, 2577-
2597, https://doi.org/10.1785/0120190305, 2020.

Hu, J., Zhang, W, Hu, L., Ding, L., and Tan, J.: Re-
gional offshore ground motion prediction model from
a referenced empirical approach: A case study in the
Japan Trench area, Soil Dyn. Earthq. Eng., 174, 108196,
https://doi.org/10.1016/j.s0ildyn.2023.108196, 2023.

Hu, L., Li, Y, and Ji, S.. An offshore non-ergodic
ground motion model for subduction earthquakes in
Japan Trench area, Earthq. Spectra, 40, 379-419,
https://doi.org/10.1177/87552930231207118, 2024.

Idriss, I. M.: Earthquake Ground Motions at Soft Soil Sites, Int.
Conf. Recent Adv. Geotech. Earthq. Eng. Soil Dyn., https:
/Ischolarsmine.mst.edu/icrageesd/02icrageesd/session12/3 (last
access: 25 August 2026), 1991.

IGN: National Geographic Institute (IGN), Geology and tectonics
of Gulf of Cadiz, https://www.ign.es/web/resources/sismologia/
tproximos/sismotectonica/pag_sismotectonicas/golfocadiz.html
(last access: 24 August 2026), 2025a.

https://doi.org/10.5194/nhess-26-4177-2026


https://doi.org/10.1785/0120200368
https://doi.org/10.20965/jdr.2024.p0760
https://doi.org/10.1007/s11803-014-0222-4
https://doi.org/10.6084/m9.figshare.26827750
https://doi.org/10.1038/211954b0
https://doi.org/10.3390/oceans2020023
https://doi.org/10.1111/j.1365-246X.2006.03252.x
https://doi.org/10.1785/0120190198
https://doi.org/10.1016/B978-0-12-823503-4.00006-3
https://doi.org/10.1016/B978-0-12-823503-4.00006-3
https://doi.org/10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f
https://doi.org/10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f
https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcba4d5f2e75
https://doi.org/10.12770/386fe2aa-84c4-4cea-9e22-fcba4d5f2e75
https://doi.org/10.1785/gssrl.79.5.707
https://doi.org/10.1016/j.tecto.2015.03.010
https://doi.org/10.1193/1.4000013
https://doi.org/10.1002/2016JB013586
https://doi.org/10.3390/jmse9090972
https://doi.org/10.1130/0091-7613(2002)030<1071:EFASBG>2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)030<1071:EFASBG>2.0.CO;2
https://doi.org/10.1007/s00024-024-03593-y
https://doi.org/10.1029/2000TC900006
https://doi.org/10.1785/0120190305
https://doi.org/10.1016/j.soildyn.2023.108196
https://doi.org/10.1177/87552930231207118
https://scholarsmine.mst.edu/icrageesd/02icrageesd/session12/3
https://scholarsmine.mst.edu/icrageesd/02icrageesd/session12/3
https://www.ign.es/web/resources/sismologia/tproximos/sismotectonica/pag_sismotectonicas/golfocadiz.html
https://www.ign.es/web/resources/sismologia/tproximos/sismotectonica/pag_sismotectonicas/golfocadiz.html

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments 4197

IGN: National Geographic Institute (IGN), Geology and tectonics
of Alboran basin, https://www.ign.es/web/resources/sismologia/
tproximos/sismotectonica/pag_sismotectonicas/alboran.html
(last access: 24 August 2026), 2025b.

IGN: National Geographic Institute (IGN), Spanish Seismic Cata-
logue, https://doi.org/10.7419/162.03.2022, 2025c.

IGN-UPM: Actualizacion de mapas de peligrosidad sis-
mica de Espafia 2012, Inst. Geogriafico Nac. IGN, 267,
https://doi.org/10.7419/162.05.2017, 2017.

Kanazawa, T.: Japan Trench earthquake and tsunami monitoring
network of cable-linked 150 ocean bottom observatories and
its impact to earth disaster science, in: 2013 IEEE Interna-
tional Underwater Technology Symposium (UT), 2013 IEEE
International Underwater Technology Symposium (UT), 1-5,
https://doi.org/10.1109/UT.2013.6519911, 2013.

Kanazawa, T., Uehira, K., Mochizuki, M., Shinbo, T., Fujimoto, H.,
Noguchi, S., Kunugi, T., Shiomi, K., Aoi, S., and Matsumoto, T.:
S-net project, cabled observation network for earthquakes and
tsunamis, Abstract WE2B-3 presented at SubOptic 2016, Sub-
optic, Dubai, 18-21 April, https://suboptic.org/ (last access: 25
August 2026), 2016.

Kariche, J., Meghraoui, M., Timoulali, Y., Cetin, E., and Tou-
ssaint, R.: The Al Hoceima earthquake sequence of 1994,
2004 and 2016: Stress transfer and poroelasticity in the
Rif and Alboran Sea region, Geophys. J. Int., 212, 42-53,
https://doi.org/10.1093/gji/ggx385, 2018.

Karthigeyan, V.: A review of current practice and future trends in
the design of offshore installations to withstand seismic haz-
ard, in: Seismic Design and Practice into the Next Century,
Routledge, London, https://doi.org/10.1201/9780203740026-41,
2022.

Kee, T. K., Cheok, C. J., Kamarudin, M. A., Ahmad, S. W., and
Suryanti, R.: Seismic Effect of the Offshore Structure Under Dif-
ferent Earthquake Loadings, Int. J. Integr. Eng., 15, 256-262,
https://doi.org/10.30880/ijie.2023.15.02.025, 2023.

Khellafi, A. M., Harichane, Z., Afra, H., and Sadouki, A.: A Case
Study of Accelerometric Records Analysis of May 21st, 2003,
Boumerdes (Algeria) Earthquake, Int. J. Geotech. Earthq. Eng.
IJGEE, 4, 34-52, https://doi.org/10.4018/ijgee.2013070103,
2013.

Kijko, A.: Seismic Hazard, in: Encyclopedia of Solid Earth Geo-
physics, edited by: Gupta, H. K., Springer International Pub-
lishing, Cham, 1-14, https://doi.org/10.1007/978-3-030-10475-
7_10-1, 2019.

Kiureghian, A. D. and Ditlevsen, O.: Aleatory or epis-
temic? Does it matter?, Struct. Saf., 31, 105-112,
https://doi.org/10.1016/j.strusafe.2008.06.020, 2009.

Kossobokov, V. and Panza, G.: Seismic roulette: Hazards and risks,
Terra Nova, 34, 475-494, https://doi.org/10.1111/ter.12617,
2022.

Kotha, S. R., Weatherill, G., Bindi, D., and Cotton, F.: A
regionally-adaptable ground-motion model for shallow crustal
earthquakes in Europe, Bull. Earthq. Eng., 18, 4091-4125,
https://doi.org/10.1007/s10518-020-00869-1, 2020.

Kramer, S. L.: Geotechnical Earthquake Engineering, Prentice-Hall
Civ. Eng. Eng. Mech. Ser. Prentice Hall Up. Saddle River, 653,
ISBN 9780133749434, 1996.

https://doi.org/10.5194/nhess-26-4177-2026

Krinitzsky, E. L.: Deterministic versus probabilistic seismic haz-
ard analysis for critical structures, Eng. Geol., 40, 1-7,
https://doi.org/10.1016/0013-7952(95)00031-3, 1995.

Krinitzsky, E. L.: How to obtain earthquake ground mo-
tions for engineering design, Eng. Geol., 65, 1-16,
https://doi.org/10.1016/S0013-7952(01)00098-9, 2002.

Kumar, V., Khan, P. K., Sarkar, R., and Pal, S. K.: Seismic hazard
assessment of Faizabad region of Uttar Pradesh, India, utilizing
deterministic and probabilistic approaches, J. Earth Syst. Sci.,
134, 8, https://doi.org/10.1007/s12040-024-02451-8, 2024.

Lafuerza, S., Sultan, N., Canals, M., Lastras, G., Cattaneo,
A., Frigola, J., Costa, S., and Berndt, C.: Failure mecha-
nisms of Ana Slide from geotechnical evidence, Eivissa Chan-
nel, Western Mediterranean Sea, Mar. Geol., 307-310, 1-21,
https://doi.org/10.1016/j.margeo.2012.02.010, 2012.

Lan, J., Liu, J., and Song, X.: Study on the influence of the seafloor
soft soil layer on seismic ground motion, Nat. Hazards Earth
Syst. Sci., 21, 577-585, https://doi.org/10.5194/nhess-21-577-
2021, 2021.

Leprétre, R., Frizon de Lamotte, D., Combier, V., Gimeno-Vives,
0., Mohn, G., and Eschard, R.: The Tell-Rif orogenic sys-
tem (Morocco, Algeria, Tunisia) and the structural heritage of
the southern Tethys margin, BSGF-Earth Sci. Bull., 189, 10,
https://doi.org/10.1051/bsgf/2018009, 2018.

Li, C.,, Diao, Y.-C., Li, R.-H., Pan, H.-Y.,, Han, Q., and
Li, H.-N.: Effect of soil spatial variability on charac-
teristics of depth-varying multi-support seismic motions
at offshore sites, Soil Dyn. Earthq. Eng., 174, 108195,
https://doi.org/10.1016/j.s0ildyn.2023.108195, 2023.

Liu, H., Yang, Y., and Peng, J.: A Unified Model for Analyzing
Comprehensive Behaviors of Deepwater Anchors, J. Mar. Sci.
Eng., 9, 913, https://doi.org/10.3390/jmse9080913, 2021.

Lépez Arroyo, A. and Udias, A.: Aftershock sequence and focal
parameters of the February 28, 1969 earthquake of the Azores-
Gibraltar fracture zone, Bull. Seismol. Soc. Am., 62, 699-719,
https://doi.org/10.1785/BSSA0620030699, 1972.

Martin-Dévila, J. and Pazos, A.: Sismicidad del Golfo de Cadiz
y zonas adyacentes, Fisica Tierra ISSN 0214-4557 No. 15
2003, Pags 189-210, https://revistas.ucm.es/index.php/FITE/
article/view/FITE0303110213A/11828 (last access: 25 August
2026), 2003.

Martinez-Loriente, S., Gracia, E., Bartolome, R., Sallares, V., Con-
nors, C., Perea, H., Lo lacono, C., Klaeschen, D., Terrinha,
P., Danobeitia, J. J., and Zitellini, N.: Active deformation in
old oceanic lithosphere and significance for earthquake hazard:
Seismic imaging of the Coral Patch Ridge area and neighbor-
ing abyssal plains (SW Iberian Margin), Geochem. Geophys.
Geosyst., 14, 2206-2231, https://doi.org/10.1002/ggge.20173,
2013.

Martin Miguez, B., Novellino, A., Vinci, M., Claus, S., Calewaert,
J.-B., Vallius, H., Schmitt, T., Pititto, A., Giorgetti, A., Askew,
N., Iona, S., Schaap, D., Pinardi, N., Harpham, Q., Kater, B. J.,
Populus, J., She, J., Palazov, A. V., McMeel, O., Oset, P., Lear,
D., Manzella, G. M. R., Gorringe, P., Simoncelli, S., Larkin, K.,
Holdsworth, N., Arvanitidis, C. D., Molina Jack, M. E., Chaves
Montero, M. del M., Herman, P. M. J., and Hernandez, F.: The
European Marine Observation and Data Network (EMODnet):
Visions and Roles of the Gateway to Marine Data in Europe,

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026


https://www.ign.es/web/resources/sismologia/tproximos/sismotectonica/pag_sismotectonicas/alboran.html
https://www.ign.es/web/resources/sismologia/tproximos/sismotectonica/pag_sismotectonicas/alboran.html
https://doi.org/10.7419/162.03.2022
https://doi.org/10.7419/162.05.2017
https://doi.org/10.1109/UT.2013.6519911
https://suboptic.org/
https://doi.org/10.1093/gji/ggx385
https://doi.org/10.1201/9780203740026-41
https://doi.org/10.30880/ijie.2023.15.02.025
https://doi.org/10.4018/ijgee.2013070103
https://doi.org/10.1007/978-3-030-10475-7_10-1
https://doi.org/10.1007/978-3-030-10475-7_10-1
https://doi.org/10.1016/j.strusafe.2008.06.020
https://doi.org/10.1111/ter.12617
https://doi.org/10.1007/s10518-020-00869-1
https://doi.org/10.1016/0013-7952(95)00031-3
https://doi.org/10.1016/S0013-7952(01)00098-9
https://doi.org/10.1007/s12040-024-02451-8
https://doi.org/10.1016/j.margeo.2012.02.010
https://doi.org/10.5194/nhess-21-577-2021
https://doi.org/10.5194/nhess-21-577-2021
https://doi.org/10.1051/bsgf/2018009
https://doi.org/10.1016/j.soildyn.2023.108195
https://doi.org/10.3390/jmse9080913
https://doi.org/10.1785/BSSA0620030699
https://revistas.ucm.es/index.php/FITE/article/view/FITE0303110213A/11828
https://revistas.ucm.es/index.php/FITE/article/view/FITE0303110213A/11828
https://doi.org/10.1002/ggge.20173

4198

Front. Mar. Sci., 6, https://doi.org/10.3389/fmars.2019.00313,
2019.

Mayer, L., Jakobsson, M., Allen, G., Dorschel, B., Falconer, R., Fer-
rini, V., Lamarche, G., Snaith, H., and Weatherall, P.: The Nippon
Foundation — GEBCO Seabed 2030 Project: The Quest to See
the World’s Oceans Completely Mapped by 2030, Geosciences,
8, 63, https://doi.org/10.3390/geosciences8020063, 2018.

McGuire, R. K.: FORTRAN computer program for seismic risk
analysis, US Geological Survey, https://doi.org/10.3133/0fr7667,
1976.

McGuire, R. K.: Seismic Hazard and Risk Analysis, Engineer-
ing Monographs on Miscellaneous Earthquake Engineering Top-
ics, MNO-10, Earthquake Engineering Research Institute, Oak-
land, California, xvii4+221 pp., ISBN 9780943198019, https://
searchworks.stanford.edu/view/9861507 (last access: 25 August
2026), 2004.

McGuire, R. K.: Probabilistic seismic hazard analysis:
Early history, Earthq. Eng. Struct. Dyn., 37, 329-338,
https://doi.org/10.1002/eqe.765, 2008.

McGuire, R. K. and Shedlock, K. M.: Statistical uncer-
tainties in seismic hazard evaluations in the United
States, Bull. Seismol. Soc. Am., 71, 1287-1308,
https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/
71/4/1287/102122/Statistical-uncertainties-in-seismic-hazard
(last access: 24 August 2026), 1981.

Mendes-Victor, L. A., Oliveira, C. S., Azevedo, J., and Ribeiro, A.:
The 1755 Lisbon Earthquake: Revisited, Springer Netherlands,
Dordrecht, https://doi.org/10.1007/978-1-4020-8609-0, 2009.

Molina Palacios, S.: Sismotectdnica y peligrosidad sismica del drea
de contacto entre Iberia y Africa, Universidad de Granada, http:/
hdl.handle.net/10481/53680 (last access: 24 August 2026), 1998.

Morikawa, N. and Fujiwara, H.: A New Ground Mo-
tion Prediction Equation for Japan Applicable up to
M9 Mega-Earthquake, J. Disaster Res., 8, 878-888,
https://doi.org/10.20965/jdr.2013.p0878, 2013.

Mostafa, S. 1., Abdelhafiez, H. E., and Abd el-aal, A. el-
aziz K.: Deterministic scenarios for seismic hazard as-
sessment in Egypt, J. Afr. Earth Sci., 160, 103655,
https://doi.org/10.1016/j.jafrearsci.2019.103655, 2019.

Mourabit, T., Abou Elenean, K. M., Ayadi, A., Benouar, D.,
Ben Suleman, A., Bezzeghoud, M., Cheddadi, A., Chourak,
M., ElGabry, M. N., Harbi, A., Hfaiedh, M., Hussein, H. M.,
Kacem, J., Ksentini, A., Jabour, N., Magrin, A., Maouche, S.,
Meghraoui, M., Ousadou, F., Panza, G. F., Peresan, A., Romd-
hane, N., Vaccari, F., and Zuccolo, E.: Neo-deterministic seis-
mic hazard assessment in North Africa, J. Seismol., 18, 301-318,
https://doi.org/10.1007/s10950-013-9375-2, 2014.

Musson, R. M. W.: Probability in PSHA: Reply to “Com-
ment on ‘PSHA  Validated by Quasi-Observational
Means’ by Z. Wang,” Seismol. Res. Lett., 83, 717-719,
https://doi.org/10.1785/0220120036, 2012a.

Musson, R. M. W.. PSHA Validated by Quasi Obser-
vational Means, Seismol. Res. Lett, 83, 130-134,
https://doi.org/10.1785/gssrl.83.1.130, 2012b.

Nakamura, T., Takenaka, H., Okamoto, T., Ohori, M., and
Tsuboi, S.: Long-period ocean-bottom motions in the source
areas of large subduction earthquakes, Sci. Rep., 5, 16648,
https://doi.org/10.1038/srep16648, 2015.

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

Nakanishi, R. and Takemura, S.: Development of an offshore
ground motion prediction equation for peak ground acceleration
considering path effects based on S-net data, Earth Planets Space,
76, 146, https://doi.org/10.1186/s40623-024-02078-5, 2024.

Neres, M., Carafa, M. M. C., Fernandes, R. M. S., Ma-
tias, L., Duarte, J. C., Barba, S., and Terrinha, P.: Litho-
spheric deformation in the Africa-Iberia plate boundary: Im-
proved neotectonic modeling testing a basal-driven Albo-
ran plate, J. Geophys. Res.-Solid Earth, 121, 6566-6596,
https://doi.org/10.1002/2016JB013012, 2016.

Nishikawa, T., Ide, S., and Nishimura, T.: A review on slow earth-
quakes in the Japan Trench, Prog. Earth Planet. Sci., 10, 1,
https://doi.org/10.1186/s40645-022-00528-w, 2023.

Nocquet, J.-M.: Present-day kinematics of the Mediterranean: A
comprehensive overview of GPS results, Tectonophysics, 579,
220-242, https://doi.org/10.1016/j.tecto.2012.03.037, 2012.

NRC: Reactor site criteria. Appendix a: seismic and geology siting
criteria for nuclear power plants, US Nucl. Regul. Comm. NRC
Regul. Guide 10CFR100, https://www.ecfr.gov/current/title-10/
chapter-1/part-100/appendix- AppendixAtoPart100 (last access:
25 August 2026), 1973.

Olaiz, A., Alvarez Gémez, J. A., de Vicente, G., Muifioz-Martin,
A., Cantavella, J. V., Custédio, S., Vales, D., and Heidbach, O.:
Onshore and offshore seismotectonics of Iberia: an updated re-
view, Solid Earth, 16, 947-1024, https://doi.org/10.5194/se-16-
947-2025, 2025.

Orozova, I. M. and Suhadolc, P.: A deterministic—probabilistic
approach for seismic hazard assessment, Tectonophysics,
312, 191-202, https://doi.org/10.1016/S0040-1951(99)00162-6,
1999.

Pagani, M., Monelli, D., Weatherill, G., Danciu, L., Crow-
ley, H., Silva, V., Henshaw, P., Butler, L., Nastasi, M.,
Panzeri, L., Simionato, M., and Vigano, D.: OpenQuake
Engine: An Open Hazard (and Risk) Software for the
Global Earthquake Model, Seismol. Res. Lett., 85, 692-702,
https://doi.org/10.1785/0220130087, 2014.

Palano, M., Gonzilez, P. J.,, and Ferndndez, J.: Strain and
stress fields along the Gibraltar Orogenic Arc: Constraints
on active geodynamics, Gondwana Res., 23, 1071-1088,
https://doi.org/10.1016/j.gr.2012.05.021, 2013.

Panza, G. F., Prozorov, A. G., and Suhadolc, P.. Litho-
sphere structure and statistical properties of seismicity in
Italy and surrounding regions, J. Geodyn., 12, 189-215,
https://doi.org/10.1016/0264-3707(90)90007-H, 1990.

Poggi, V., Garcia-Peldez, J., Styron, R., Pagani, M., and Gee, R.:
A probabilistic seismic hazard model for North Africa, Bull.
Earthq. Eng., 18, 2917-2951, https://doi.org/10.1007/s10518-
020-00820-4, 2020.

Ramkrishnan, R., Kolathayar, S., and Sitharam, T. G.: Probabilis-
tic seismic hazard analysis of North and Central Himalayas
using regional ground motion prediction equations, Bull. Eng.
Geol. Environ., 80, 8137-8157, https://doi.org/10.1007/s10064-
021-02434-9, 2021.

Randolph, M. and Gourvenec, S.: Offshore
nical Engineering, CRC Press, London,
https://doi.org/10.1201/9781315272474, 2017.

Reilly, W. L., Fredrich, G., Hein, G. W., Landau, H., Almazan, J.
L., and Caturla, J. L.: Geodetic determination of crustal deforma-

Geotech-
560 pp.,

https://doi.org/10.5194/nhess-26-4177-2026


https://doi.org/10.3389/fmars.2019.00313
https://doi.org/10.3390/geosciences8020063
https://doi.org/10.3133/ofr7667
https://searchworks.stanford.edu/view/9861507
https://searchworks.stanford.edu/view/9861507
https://doi.org/10.1002/eqe.765
https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/71/4/1287/102122/Statistical-uncertainties-in-seismic-hazard
https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/71/4/1287/102122/Statistical-uncertainties-in-seismic-hazard
https://doi.org/10.1007/978-1-4020-8609-0
http://hdl.handle.net/10481/53680
http://hdl.handle.net/10481/53680
https://doi.org/10.20965/jdr.2013.p0878
https://doi.org/10.1016/j.jafrearsci.2019.103655
https://doi.org/10.1007/s10950-013-9375-2
https://doi.org/10.1785/0220120036
https://doi.org/10.1785/gssrl.83.1.130
https://doi.org/10.1038/srep16648
https://doi.org/10.1186/s40623-024-02078-5
https://doi.org/10.1002/2016JB013012
https://doi.org/10.1186/s40645-022-00528-w
https://doi.org/10.1016/j.tecto.2012.03.037
https://www.ecfr.gov/current/title-10/chapter-I/part-100/appendix-Appendix A to Part 100
https://www.ecfr.gov/current/title-10/chapter-I/part-100/appendix-Appendix A to Part 100
https://doi.org/10.5194/se-16-947-2025
https://doi.org/10.5194/se-16-947-2025
https://doi.org/10.1016/S0040-1951(99)00162-6
https://doi.org/10.1785/0220130087
https://doi.org/10.1016/j.gr.2012.05.021
https://doi.org/10.1016/0264-3707(90)90007-H
https://doi.org/10.1007/s10518-020-00820-4
https://doi.org/10.1007/s10518-020-00820-4
https://doi.org/10.1007/s10064-021-02434-9
https://doi.org/10.1007/s10064-021-02434-9
https://doi.org/10.1201/9781315272474

A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

tion across the Strait of Gibraltar, Geophys. J. Int., 111, 391-398,
https://doi.org/10.1111/j.1365-246X.1992.tb00585.x, 1992.

Reiter, L.: Earthquake Hazard Analysis: Issues and Insights,
Columbia University Press, 254 pp., ISBN 0231065345, 1990.

Ritsema, J.,, Lay, T. and Kanamori, H.. The
2011  Tohoku Earthquake, Elements, 8, 183-188,
https://doi.org/10.2113/gselements.8.3.183, 2012.

Rodriguez, M., Maleuvre, C., Jollivet-Castelot, M., d’Acremont,
E., Rabaute, A., Lafosse, M., Ercilla, G., Vazquez, J.-T,
Alonso, B., Ammar, A., and Gorini, C.: Tsunamigenic subma-
rine landslides along the Xauen—Tofifio banks in the Alboran Sea
(Western Mediterranean Sea), Geophys. J. Int., 209, 266-281,
https://doi.org/10.1093/gji/ggx028, 2017.

Romadn-de la Sancha, A., Silva, R., Areu-Rangel, O. S., Verduzco-
Zapata, M. G., Mendoza, E., Lopez-Acosta, N. P., Ossa, A.,
and Garcia, S.: Modelling the sequential earthquake—tsunami re-
sponse of coastal road embankment infrastructure, Nat. Hazards
Earth Syst. Sci., 22, 2589-2609, https://doi.org/10.5194/nhess-
22-2589-2022, 2022.

Rui, S., Zhang, H., Xu, H., Zha, X., Xu, M., and Shen, K.: Seabed
structures and foundations related to deep-sea resource develop-
ment: A review based on design and research, Deep Undergr. Sci.
Eng., 3, 131-148, https://doi.org/10.1002/dug2.12042, 2024.

Sa, L. F.,, Morales-Esteban, A., and Neyra, P. D.: A deterministic
seismic risk macrozonation of Seville, Arab. J. Geosci., 14, 2392,
https://doi.org/10.1007/s12517-021-08626-7, 2021.

Salgado Gélvez, M. A., Cardona Arboleda, O. D., Carrefio
Tibaduiza, M. L., and Barbat Barbat, H. A.: Probabilistic seis-
mic hazard and risk assessment in Spain: national and local level
case studies, Centre Internacional de Métodes Numerics en En-
ginyeria (CIMNE), ISBN 9788499330773, 2015.

Shan, Z., Wu, H., Ni, W., Sun, M., Wang, K., Zhao, L., Lou,
Y., Liu, A., Xie, W.,, Zheng, X., and Guo, X.: Recent Tech-
nological and Methodological Advances for the Investiga-
tion of Submarine Landslides, J. Mar. Sci. Eng., 10, 1728,
https://doi.org/10.3390/jmse10111728, 2022.

Silva, P. G., Elez, J., Giner-Robles, J., Perez-Lopez, R., Roquero,
E., Rodriguez-Pascua, M., Azcdrate, T., and Martinez-Grafa,
A.: ANALISIS GEOLOGICO DEL TERREMOTO DE TOR-
REVIEJA DE 1829 (ALICANTE, SE ESPANA), https://dialnet.
unirioja.es/servlet/articulo?codigo=7398200 (last access: 25 Au-
gust 2026), 2019.

Silva, V., Crowley, H., Pagani, M., Monelli, D., and Pinho, R.:
Development of the OpenQuake engine, the Global Earthquake
Model’s open-source software for seismic risk assessment, Nat.
Hazards, 72, 1409-1427, https://doi.org/10.1007/s11069-013-
0618-x, 2014.

Stich, D., Batll6, J., Morales, J., Macia, R., and Dineva,
S.: Source parameters of the MW =6.1 1910 Adra earth-
quake (southern Spain), Geophys. J. Int., 155, 539-546,
https://doi.org/10.1046/j.1365-246X.2003.02059.x, 2003.

Sultan, N., Gaudin, M., Berne, S., Canals, M., Urgeles, R., and La-
fuerza, S.: Analysis of slope failures in submarine canyon heads:
An example from the Gulf of Lions, J. Geophys. Res.-Earth
Surf., 112, https://doi.org/10.1029/2005JF000408, 2007.

Tan, J. and Hu, J.: Offshore ground motion characteris-
tics on the horizontal PGA, spectral acceleration, fre-
quency content and significant duration from the 2021
Mw 7.1 and 2022 Mw 7.4 offshore earthquakes near the

https://doi.org/10.5194/nhess-26-4177-2026

4199

Japan Trench area, Soil Dyn. Earthq. Eng., 164, 107646,
https://doi.org/10.1016/j.s0ildyn.2022.107646, 2023.

TeleGeography: ~ Submarine  Cable  Map,  https://www.
submarinecablemap.com/ (last access: 25 August 2026),
2026.

Terrinha, P., Matias, L., Vicente, J., Duarte, J., Luis, J., Pinheiro,
L., Lourenco, N., Diez, S., Rosas, F., Magalhdes, V., Valadares,
V., Zitellini, N., Roque, C., and Victor, L. M.: Morphotectonics
and strain partitioning at the Iberia—Africa plate boundary from
multibeam and seismic reflection data, Mar. Geol., 267, 156-174,
https://doi.org/10.1016/j.margeo.2009.09.012, 2009.

Udias, A. and Muioz, D.: The Andalusian
of 25 December 1884, Tectonophysics, 53,
https://doi.org/10.1016/0040-1951(79)90074-X, 1979.

Viazquez, J.-T., Ercilla, G., Alonso, B., Peldez, J. A., Palomino,
D., Ledn, R., Barcenas, P., Casas, D., Estrada, F., Fernandez-
Puga, M. C., Galindo-Zaldivar, J., Henares, J., Llorente, M.,
Sanchez-Guillamén, O., d’Acremont, E., Ammar, A., Chourak,
M., Ferndndez-Salas, L. M., Lépez-Gonzélez, N., and Lafuerza,
S.: Triggering Mechanisms of Tsunamis in the Gulf of Cadiz
and the Alboran Sea: An Overview, in: Historical Earthquakes,
Tsunamis and Archaeology in the Iberian Peninsula, edited by:
Alvarez-Marti-Aguilar, M. and Machuca Prieto, F., Springer
Nature, Singapore, 65-104, https://doi.org/10.1007/978-981-19-
1979-4_4, 2022.

Veiskarami, M., Neshaei, M. A. L., Karimpour Fard, M., and
Pourramezan, T.: Numerical study on static and seismic sta-
bility of breakwaters on soft granular marine deposits against
deep failure, Mar. Georesources Geotechnol., 35, 42-51,
https://doi.org/10.1080/1064119X.2015.1099063, 2017.

earthquake
291-299,

Vilanova, S. P. and Fonseca, J. FE B. D.. Seis-
mic hazard impact of the Lower Tagus Valley
Fault Zone (SW [Iberia), J. Seismol., 8, 331-345,

https://doi.org/10.1023/B:JOSE.0000038457.01879.b0, 2004.

Vilanova, S. P. and Fonseca, J. F. B. D.: Probabilistic seismic-hazard
assessment for Portugal, Bull. Seismol. Soc. Am., 97, 1702—
1717, https://doi.org/10.1785/0120050198, 2007.

Vipin, K. S.: Assessment Of Seismic Hazard With Local Site Ef-
fects: Deterministic And Probabilistic Approaches, Thesis, https:
/letd.iisc.ac.in/handle/2005/1973 (last access: 26 August 2026),
2013.

Wang, B., Hu, S., Song, G., and Chen, B.: The Influences of the Oft-
shore Ground Motion and Site Factors on the Seismic Response
of Immersed Tunnels, Int. J. Struct. Stab. Dyn., 24, 2450276,
https://doi.org/10.1142/S0219455424502766, 2024.

Wang, J.-P., Huang, D., and Yang, Z.: Deterministic seis-
mic hazard map for Taiwan developed using an in-house
Excel-based program, Comput. Geosci., 48, 111-116,
https://doi.org/10.1016/j.cageo.2012.05.014, 2012.

Wang, Z.: Comment on “PSHA Validated by Quasi Observational
Means” by R. M. W. Musson, Seismol. Res. Lett., 83, 714-716,
https://doi.org/10.1785/0220120016, 2012.

Wang, Z. and Cobb, J. C.: A critique of probabilistic ver-
sus deterministic seismic hazard analysis with special
reference to the New Madrid seismic zone, Recent Adv.
North  Am. Paleoseismology Neotectonics East Rock,
https://doi.org/10.1130/2012.2493(13), 2012.

Weatherill, G. and Cotton, F.: A ground motion logic tree for
seismic hazard analysis in the stable cratonic region of Eu-

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026


https://doi.org/10.1111/j.1365-246X.1992.tb00585.x
https://doi.org/10.2113/gselements.8.3.183
https://doi.org/10.1093/gji/ggx028
https://doi.org/10.5194/nhess-22-2589-2022
https://doi.org/10.5194/nhess-22-2589-2022
https://doi.org/10.1002/dug2.12042
https://doi.org/10.1007/s12517-021-08626-7
https://doi.org/10.3390/jmse10111728
https://dialnet.unirioja.es/servlet/articulo?codigo=7398200
https://dialnet.unirioja.es/servlet/articulo?codigo=7398200
https://doi.org/10.1007/s11069-013-0618-x
https://doi.org/10.1007/s11069-013-0618-x
https://doi.org/10.1046/j.1365-246X.2003.02059.x
https://doi.org/10.1029/2005JF000408
https://doi.org/10.1016/j.soildyn.2022.107646
https://www.submarinecablemap.com/
https://www.submarinecablemap.com/
https://doi.org/10.1016/j.margeo.2009.09.012
https://doi.org/10.1016/0040-1951(79)90074-X
https://doi.org/10.1007/978-981-19-1979-4_4
https://doi.org/10.1007/978-981-19-1979-4_4
https://doi.org/10.1080/1064119X.2015.1099063
https://doi.org/10.1023/B:JOSE.0000038457.01879.b0
https://doi.org/10.1785/0120050198
https://etd.iisc.ac.in/handle/2005/1973
https://etd.iisc.ac.in/handle/2005/1973
https://doi.org/10.1142/S0219455424502766
https://doi.org/10.1016/j.cageo.2012.05.014
https://doi.org/10.1785/0220120016
https://doi.org/10.1130/2012.2493(13)

4200 A. J. Rosario Beltré et al.: Probabilistic and Deterministic Seismic Hazard Assessments

rope: regionalisation, model selection and development of a Zhang, Q. and Zheng, X. Y. Temporal and spec-
scaled backbone approach, Bull. Earthq. Eng., 18, 6119-6148, tral characteristics of seismic ground motions: Off-
https://doi.org/10.1007/s10518-020-00940-x, 2020. shore  versus onshore, Mar. Struct., 74, 102812,
Wassner, J., Laurentiu, D., Giardini, D., Crowley, H., Cotton, https://doi.org/10.1016/j.marstruc.2020.102812, 2020.
F., Griinthal, G., Valensise, G., Arvidsson, R., Basili, R., Zhao, J. X., Zhang, J., Asano, A., Ohno, Y., Oouchi, T., Taka-
Demircioglu, M. B., Hiemer, S., Meletti, C., Musson, R. W., hashi, T., Ogawa, H., Irikura, K., Thio, H. K., Somerville, P.
Rovida, A. N., Sesetyan, K., Stucchi, M., and The SHARE G., Fukushima, Y., and Fukushima, Y.: Attenuation Relations of
Consortium: The 2013 European Seismic Hazard Model: key Strong Ground Motion in Japan Using Site Classification Based
components and results, Bull. Earthq. Eng., 13, 3553-3596, on Predominant Period, Bull. Seismol. Soc. Am., 96, 898-913,
https://doi.org/10.1007/s10518-015-9795-1, 2015. https://doi.org/10.1785/0120050122, 2006.

Nat. Hazards Earth Syst. Sci., 26, 4177-4200, 2026 https://doi.org/10.5194/nhess-26-4177-2026


https://doi.org/10.1007/s10518-020-00940-x
https://doi.org/10.1007/s10518-015-9795-1
https://doi.org/10.1016/j.marstruc.2020.102812
https://doi.org/10.1785/0120050122

	Abstract
	Introduction
	Study area
	Materials
	Ocean and land digital terrain models
	Seismogenic source models and seismicity parameters
	Ground motion prediction equations (GMPEs)

	Seismic hazard assessment
	Deterministic Seismic Hazard Assessment (DSHA)
	Probabilistic Seismic Hazard Assessment (PSHA)
	Epistemic uncertainty treatment: logic tree scheme in DSHA and PSHA
	DSHA and PSHA calculation specifications

	Seismic hazard assessment results and discussion
	Probabilistic approach
	Deterministic approach
	Distribution of PGAs amplification relative to a baseline PSHA using the ESHM20 model (rock, onshore).

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

