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Abstract.

The increased deployment of subsea infrastructures and the exploration of marine resources have heightened the need to assess
seismic hazard on the seabed, especially in tectonically active offshore regions. The area between the Gulf of Cadiz 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 adjacent inland areas using deterministic and
probabilistic approaches, few studies have focused on offshore zones. Moreover, existing models often overlook the
amplification effects 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 probabilistic (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 reliable peak ground acceleration (PGA) estimates at the seabed ane

in a complex tectonic context. The analysis was
conducted using the OpenQuake (OQ) engine for PSHA and a custom MATLABO script for DSHA. The seismogenic sources
and parameters were taken from the European Seismic Hazard Model (ESHM20), and four GMPEs_:DRO-HZ23 -NTF24.
and-DKI24-were selected for their relevance to offshore or soft soil conditions. These GMPEs were benchmarked walidated

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 significant PGA values occur over key submarine fault systems such as the Gorringe Ridge, Horseshoe

Plain, and Arzew Fault.
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clipped to the IMR was used as a methodological contrast to provide a reference for how the hazard results obtained amplify

PGAs. The use of seabed-adapted GMPEs resulted 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 conditions into hazard modelling. The findings offer a methodological basis for

improving the seismic design of subsea infrastructure 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 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 infrastructures 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 (Ercilla et al., 2021; Karthigeyan, 2022). Coastal and offshore facilities should be designed

to withstand earthquakes and their coseismic effects. In offshore settings, the water column, seabed morphology and compliant

soft sediments rheology 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 adjacent onshore sites (Nakamura et al., 2015; Zhang et al. 2020; Dhakal and Kunugi, 2023; W. Chen et al.,

2024Db). These effects, together with basin geometry and bathymetric geography, motivate use of seabed-adapted GMPEs and

3-D distance metrics that include depth (e.g., Rrupr) when estimating seabed PGA (e.g., Chen et al., 2024a; Hu et al., 2020;
Dhakal et al., 2021; Lan et al., 2021)Resea

. However, 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 substantial number of

communication and energy cables (Submarine Cable Map, 2025) are present in the IMR. Major infrastructures are also located

here, including oil and gas pipelines connecting Algeria and Morocco with Spain (Medgaz; https://www.medgaz.com/, last
accessed 08/07/2025) and several offshore wind farms. Moreover, the European-African tunnel is planned to be developed in

the IMR (SECEGSA; https://www.secegsa.gob.es/proyecto-del-enlace-fijo, last accessed 08/07/2025). These assets, among

other issues, underscore the area's substantial geostrategic importance (Baez 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

convergence of the tectonic plates. Significant and devastating earthquakes have been documented within the region (Buforn
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et al., 2015), some of which have triggered tsunamis and submarine landslides (Table 1). Consequently, a comprehensive

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): Deterministic
Seismic Hazard Analysis (DSHA) and Probabilistic Seismic Hazard Analysis (PSHA; Reiter, 1990). These methods 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 situations (Grasso and Maugeri,
2012; Mostafa et al., 2019), commonly used by civil protection agencies. DSHA was the first methodology proposed in the
late 1960s for the design of nuclear power plants and was later applied to other large industrial infrastructures (AEIS-IGN,
1979; NRC, 1973). DSHA and PSHA can complement each other, providing further information about the existing seismic
hazard (Wang et al., 2012).

Table 1: Location, date and moment magnitude (Mw) of notableseme-large earthquakes with causalities in the IMR.

Region Location Date Mw Casualties Reference

Malaga, Spain 10.09.1680 6.8 70 Goded et al. (2008)
Lisbon, Portugal 1LOLI7SS  77-8.5 100,000 et 001 Fonsect (00

Southern Iberian  Torrevieja, Alicante 03.21.1829 6.8-6.9 389  Silvaetal. (2019)

Peninsula | talusian, Spain 12.25.1884  6.5-6.7 839  Udias and Mufioz (1979)
Adra, Almeria 06.16.1910 6.1 0 Stich et al. (2003)
Cape St. Vincent, Portugal  02.28.1969 7.8 19 Lopez Arroyo and Udias (1972)
Oran, Algeria 09.10.1790 6.0-6.5 2,000 Ayadi and Bezzeghoud (2014)
North Africa El-Asnam, Algeria 10.10.1980 7.3 2,633 Ayadi and Bezzeghoud (2014)

Boumerdes, Algeria 05.21.2003 6.8 2,278 Ayadi and Bezzeghoud (2014)
Al-Hoceima, Morocco 02.24.2004 6.3 629 Kariche et al. (2018)

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 seismotectonic 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 PHSA method has been the most widely implemented (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-Fernandez 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
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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 assessment. 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 environment persists, hence further
assessment of large-scale seismic hazard under seabed conditions within the marine IMR is needed, taking into consideration
earthquake characteristics and spatial distribution based on comprehensive undersea data. In order fill this gap, this study has
used seismic 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 marine regions regarding their seismotectonic context, considering
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 develepment, while for the PSHA the OpenQuake engine 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., Custodio 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 compressional 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 displacements of 2 to
5 mm/yr (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).
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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: Western
Alboran Basin, EAB: Eastern Alboran Basin, AOB: Algerian Oceanic Basin, SVF: Sao Vicente Fault, MPF: Marques de Pombal
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).

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 region to the north, and,
in the eastern part, through the orogenic arc of the Betic-Rifefia mountain range. It is characterised 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 - 60 km) (Custodio 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. There is also historical and instrumental evidence of several high-magnitude earthquakes in the region. These include the

earthquakes of 1755 (M,, 7.7 - 8.5; Chester, 2001; Fonseca, 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 Sao

Vicente submarine canyon (Sao Vicente fault), Horseshoe, Marqués de Pombal, and the Southwest Iberian Margin (SWIM)
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faults show the greatest magnitudes 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 Mediterranean Sea and the oriental sector of IMR. It is bordered by the
Alpine Mountain ranges of the Betic in the Iberian Peninsula and the Rif in the north of Africa. It is a contact zone between
the converging Eurasia and Nubia tectonic plates. Among the tectonic structures, the submarine mountain ranges stand out,
with a length of more than 50 km, oriented 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 seismic activity in the Alboran Sea is
interconnected with the southern Iberian Peninsula through the tectonic system running E-W from the Rif and Alboran Ridge,
Eastern Alboran 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 (M,, 6.1; Stich et al., 2003), and the Al Hoceima earthquakes of
1994 (My, 6.0), 2004 (M, 6.3) and 2016 (M, 6.4) (Kariche et al., 2018).

The majority of Mest recorded earthquakes in the IMR are between 0 and 30 km, although a considerable number of
earthquakes are of intermediate depth (30 <h < 180 km), mostly located in the Gulf of Cadiz (IGN, 2025c). Deeper earthquakes
(h > 600 km) are less frequent and located in the province of Granada (Buforn and Udias, 2007). About 90% of the registered
seismicity in the IMR is located in the Gorringe Bank, High Atlas and the Granada-Malaga-W of Alboran 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, earthquakes 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); ab) seismogenic sources and their associated seismic parameters; and-¢) GMPEs.

3.1 Ocean and land digital terrain models

The DTM used in this study was obtained from the EMODnet Bathymetry World Base Layer (EBWBL), composed of the
bathymetric grid for FEurope from the FEuropean Marine Observation and Data Network (EMODnet;

https://emodnet.ec.europa.eu/en/bathymetry) (Martin Miguez et al., 2019), with spatial resolution of 4 arc seconds, and the

raster for oceans and land from the General Bathymetric Chart of the Oceans (GEBCO; https://www.gebco.net/) (GEBCO

Bathymetric Compilation Group 2024, 2024; Mayer et al., 2018), with a spatial resolution of 15 arc seconds.


https://emodnet.ec.europa.eu/en/bathymetry
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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

(Table 2). The one implemented in the ESHM20 (Danciu et al., 2021a, 2024) has been used for this work given it is the latest

160 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.

Table 2: Some seismogenic zonation models covering the study area.

Zonation model Covered extension Reference Implementation
SA and SB Portugal Vilanova and Fonseca (2007)  Seismic hazard map of Portugal
ZESIS or COMMISSION  Iberian Peninsula Garcia Mayordomo (2015) Seismic hazard map of Spain
NAF North Africa Poggi et al. (2020) Seismic hazard map of North Africa
SHARE- ESHM13 Euro-Mediterranean region Wadssner et al. (2015) Seismic hazard map for Europe
ESHM?20 Euro-Mediterranean region Danciu et al. (2024) Seismic hazard map for Europe

165 The seismic parameters used for the DSHA (Fig. 2), were extracted from the ESHM20 model (Danciu et al., 2021a, b).

The maximum magnitude <MMpa> from the maximum magnitude distribution function, was adopted as the maximum
credible earthquake (MCE) along with the predominant rupture mechanism assigned to each planar source ID at its depth
(Tables S1 and S2 in supplementary material). The areal seismogenic sources are located at depths ranging from 12 to 60 km
(Fig. 2 Al). Seismic features derived from Active Shallow Crustal Region (ASCR) seismogenic sources have magnitudes
170 ranging from 6.6 to 8.8 (Fig. 2 A3). The predominant rupture mechanism is inverse in the band from the Gulf of Cadiz towards
the Algerian Mediterranean coast, through the southern Rif and parallel to the Atlas chain (Fig. 2 A2, 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 shallower ASCR sources. However, this work
175 includes the distribution of all seismic sources-even-iftheirattenuation-make themneglisible-at-anygivenpeoint. The active
faults are located at depths ranging from 6 to 25 km (Fig. 2 B1) and magnitudes ranging from 6.9 to 8.5 (Fig. 2 B3). For the
background smoothed seismicity, point sources have depths ranging from 12 to 60 km (Fig. 2 C1) and magnitudes ranging
from 6.5 to 8.6 (Fig. 2 C3). 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 characteristic parameters, required to carry out the probabilistic
180 calculation in our study area. Since we adopted the same calculation software (OQ Engine) used in the ESHM20 model for the

seismic hazard calculation, it was not necessary to modify the seismogenic source files.
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Figure 2. Seismogenic source models of ESHM20: (Aa) areal seismogenic sources (shallow and deep); (Bb) active faults and (Ce)
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).

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 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 characteristics of elastic and
anelastic energy attenuation through distance scaling, but also near and far-source, faulting mechanism, and hanging wall
effects. The heterogeneous geological 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 uncertainty e. 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 (Atik et al., 2010):
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Y~ f(M,R,¢1) + ¢ (1)

provide an estimate of the median ground motion and the residual € (Akkar et al., 2013) identified by a Gaussian distributed

random variable.

MestGMPEs are commonly defined in terms of relative fault distance to the SHA site assuming a planar rupture geometry.
The rupture trace is defined as the projection of the upper 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, Ris, Rx, Ry, Ztor (Fig. 3). Rrup is the
closest distance between the site and the rupture surface. Ry is the Joyner and Boore distance or the closest distance between
the site and the surface projection of the rupture. Rx is the horizontal and Ry the vertical distance between the site and the top
edge of the rupture. Finally, Zror is the depth to the top edge of the rupture. These metrics are usuallyeemmenty incorporated
in GMPEs, as R in in the mathematical formulation of Eq. (1) (e.g., Douglas, 2020). Some of the GMPEs formulation Eq. (1)
consider the distance R as a function of depth (e.g., Rrup). 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 results of Y estimation in regions with

significant unevenness will be sensitive to the use of a DTM.

The wealth of available strong ground motion data has enabled the development of numerous GMPEs, the vast majority
on the rocky ground inland (e.g., Douglas, 2020). However, in offshore regions, traditional rock-based models may not
adequately capture the unique conditions of the sea floor (Chen et al., 2024; Tan and Hu, 2023; Wang et al., 2024). The growing
importance of subsea structures and the associated risks of seabed instability have prompted the development of efforts to
obtain GMPEs for offshore areas. Nevertheless, 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 research 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).
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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
outside 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).

For soft soils, a GMPE model was already described by Idriss (1991) in the early 1990s (IDR91). The IDR91 model 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 (R;g) 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 submarine zones in the Mediterranean
Sea (e.g., D’Acremont et al., 2022; Lafuerza et al., 2012; Sultan et al., 2007). Therefore, 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 distances of 20-300 km. This model uses Rrup as distance metric
in Eq. (1) for crustal, interface, and slab events to obtain Ln (Y) with a constant standard error (¢ = 0.7784), where Y is in
cm/s?. Additionally, the averaged shear-wave velocity to 30 m depth (Vs30) was incorporated as a parameter 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 M,, between 5.5 and 7.4
for crustal, intraplate, and slab earthquakes (M, > 5.0 for crustal events) and epicenter distances of 1 to 300 km. This model
uses Rrup to obtain logio (Y) with a constant standard error (¢ = 0.326). Finally, the DKK24 model (Dhakal et al., 2024) was
developed for My, between 5.5 and 7.4, and hypocentral distances of 1 to 300 km. This model uses Rrup as distance metric in
Eq. (1) for crustal, interplate and intraslab events to obtain logio (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 submarine environments. In this study, the PGA (g) is the Y seismic

intensity used in all of these selected attenuation functions. A unit weighting was assigned to each GMPE for the SHAs.

The predominantly offshore setting of the study area (at the intersection of oceanic, active continental, and stable
continental crust) poses significant challenges for selecting appropriate GMPs. Recent tectonic classifications (Chen et al.,
2018; Poggi etal., 2020) describe the study region as a Variscan-Hercynian zone in an Active Shallow Crustal Region (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 similarities. In the IMR, the African Plate is subducting beneath the Eurasian Plate (Gutscher
etal., 2002), while in the Japan Trench area, the Pacific Plate is subducting beneath the Okhotsk Plate (Nishikawa et al., 2023).
Both areas experience significant seismic activity due to the tectonic interactions. The IMR has a history of large earthquakes
(Buforn et al., 2015), while the Japan Trench area is known for its frequent and intense earthquakes, including the devastating

2011 Tohoku earthquake (Ritsema et al., 2012).

11
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Ir-additien;tThe selected performance-of-the GMPEs wereas benchmarkedevaluated against horizontal PGAs ebserved
ground-motiensfrorm 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 withinin overlapping My-R

ranges.: bBut it doesis not constitute a validation nor recalibration of seabed GMPEs in the IMR. The primary evidence

supporting seabed GMPEs (HZ23, NT24, DKK24) remains their calibration on ocean-bottom data (S-net/KiK-net) and the

documented land-seafloor differences reported in the literature (e.g., Dhakal et al., 2021; Hu et al., 2023; Chen et al., 2015,

2024a). This approach follows previous IMR hazard studies (e.g., Molina Palacios, 1998; Vilanova and Fonseca, 2004; Perea

et al., 2023 Olaiz et al., 2025), which also relied on inland proxies due to the absence of seabed recordings. 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. TheA comparative analysis of IDR91, HZ23, NT24, and DKK24 was

conducted using the following events:

1) M, 4.5 Alboran Sea earthquake, 31/01/2016 (Fig. 4A),

2) My 4.9 Alboran Sea earthquake, 04/01/1994 (Fig. 4B),

3) M, 5.5 Oran earthquake, 06/06/2008 (Benfedda et al., 2020) (Fig. 4C),

4) M, 6.1 SW Cape St. Vincent earthquake, 12/02/2007 (Fig. 4D)

5) M, 6.3 Alboran Sea strike-slip earthquake, 25/01/2016 (Fig. 4E),

6) M, 6.8 Boumerdés Earthquakes, 21/05/2003 (Khellafi et al., 2013) (Fig. 4F).

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

catalogo-acelerogramas, last accessed 08/07/2025).
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Figure 4. Relationship plots between PGA (g) and hypocentral distances (Ruyp) of the selected GMPEs. Solid lines denote the median

prediction curves for each earthquake, whereas the shadowed region between the dashed lines denote one standard deviation range

(:I:s,:) .

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 My, 6.3 Alboran Sea
earthquake (Fig. 4 E), the observed PGAs are usually lower than the predicted values of the GMPEs for seabed. To evaluate
the model’s accuracy, residuals were obtained as the difference between the observed PGAs 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 (Fig. 5 A, C), residuals are situated between the curves (dashed
lines in the graphs Fig. 5 A, C) that delineate the uncertainty bands (+s¢). The residuals demonstrate bounded variance
homoscedasticity, with standard deviations of about 0.077 g, 0.236 g, and 0.047 g for IDR91, HZ23, and NT24, respectively,
with the My, 6.8 earthquake exception. All four GMPEs benchmarked against nearby observed ground motions: evaluated
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290

295

demonstrate adequate goodness of fit.: Hhowever, NT24 and values that exceed the observed ones, with the exception of the

the highest RMSE (Table S3) relative to the others, 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 G-.

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 epsilon values should be zero, where NT24 and DKK24 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 distribution, 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 Saphiro-

Wilk tests in NT24 (bold p-values in Table 3) at 95 % confidence.
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Figure 5. Residual plots of the goodness of fit for the predicted values by the selected GMPEs: IDR91, HZ23, NT24, and DKK24,

against the registered data in the earthquakes used for diagnosis.
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4. Seismic hazard assessment

Seismic hazard refers to the probability of exceeding a certain earthquake intensity in a specific area within a given time
period (Kijko, 2019; McGuire, 2004). Seismic hazard can be assessed using two main methods: Deterministic Seismic Hazard
Analysis (DSHA) and Probabilistic Seismic 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 scenario (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 hazard 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 uncertainties 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 representativeness for the largest events.
Although both SHA methods use seismological and geological information, they define and calculate seismic hazard
differently, which improves the understanding 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 identified, {typically a mapped fault segment and, where faults are

diffuse, an areal/background sources}identified. The maximum credible 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 (Reiter, 1990:Kramer 4996+ Krinitzsky.—1995. 2002)Fhe-maininput-parameters—in-the

DSHA (Reite Q00N e the 1m Mmum-maocnitude ociated Hh the ch o o ha o he MCE for e
5 5 U a d ag b S d afra a gua a v S a

. 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 deviation, which is equivalent to
an exceedance probability of 16% (Ben-Zion et al., 2003), calculated from simple earthquake and ground motion statistics

(Krinitzsky, 1995, 2002). To perform these calculations, this study adopts a DSHA approach, 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 seismic sources in regions lacking well-defined fault geometries. This method has precedent in offshore hazard studies

and is particularly suitable for submarine environments where seismicity is diffuse and fault structures are unresolved. Similar
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approaches have been discussed (i.e., Krinitzsky, 2002, Kramer, 1996, Campbell, 2005) and are widely used in engineering

applications where deterministic estimates are required for preliminarily infrastructure design. this-werkfollows-a-series-of

OperationallyComputationally, the DSHA is implemented through the following steps:

(i) Build a catalogue of seismogenic sources_(faults and. where needed, areal/background zones) {SS;} j=1 .. nr

(i1) 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 {fi} of the empirical GMPEs or attenuation relationships Y'=f(M,R,¢'k,c'y), with their corresponding
parameters ¢'x and the random uncertainties 'y for each i-th prediction equation.

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

(v) Calculate the p-th percentile equivalent to the probability of exceedance:
PCp= Pr[Y<y,/M,R]=1- P1[Y>=y,/M,R] Q)

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

(vii) Loop for each site P located at the geographic coordinate position (x,y,h) 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,.... Nf), 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 = Ryin =min{d(P,SSj)}, based on the distance to be handled (Rys, Rep, Ruip, €tc.) in the attenuation
function (Fig. 3).

(viii.a.1) Calculate the median ground motion (50th percentile or GMPE treated as deterministic) of the seismic parameter
Y'so; at the site, with each i-th GMPE: Yisoj = fi(M,R,¢'x).

(viii.a.2) Calculate the p-th percentile of the seismic parameter at the site with the i-th equation of motion:
log Y'p; = log Yiso; + Zo1 o'y 3)

(viii.a.3) Obtain the on-site seismic ground shaking parameter Y, ; on site P produced by each j-th earthquake source.
(viii.b) Deterministic evaluation of the th-percentile of the seismic hazard Yp(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: Y ,(x,y,h) = max{Y,;}

(ix) Write Yp(x,y,h) output to change to a new location of the P site to assess.
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However, since in each GMPE the logY value is distributed as a normal random variable of mean logY with standard
deviation ¢ (Kramer, 1996), and Yp(x,y,h) = max{Yp;}, both Y, and Y,; are random variables. The p-th percentile Y, is

accurately calculated as follows:

Yp logYp - 10g}’maX/M,R p
r[ P ST MR < o 100 )

in accordance with the classical scheme, with a single dominant 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 distribution of Y, ns as
the extreme value of a set of values (Ang and Tang, 2007; Coles, 2001), the above approximation is computed as:

Yp

=Pr [Yl <=HR x Pr [YZ <=0

M,R

X. xPr[YNS T |_ P (5)

y
Pr [YP'NS <= MRl ~ 100

0
M,R

This implies incorporation of the effect of the remaining NS 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

NS
1_[ F 1OgYp,Ns - 1Og}’j/M,R _ P 6)
o 100

j=1

equation:

As this paper uses an approach based on a logic tree scheme that weights the GMPEs to capture the epistemic uncertainties in
the hazard estimation, the above equation is rewritten to solve for each i-th GMPE f(M,R,¢') used and its corresponding i-th

random uncertainty c':

. logY,, logy M,R p
(Pl(log Ns) l_[ < i/ 1—00= 0 (7

from which each Y',xs is obtained.

4.2 Probabilistic Seismic Hazard Assessment (PSHA)

The principles of PSHA find their roots in the work of Cornell (1968), and Cornell et al. (1971), andpregrammed—in
EORTRAN-by McGuire (1976)-at-the USGS.—Fo-this—end,—Cornell uses the total probability theorem (Kramer, 1996) to

consolidate information on various variables (magnitude, distance, source location) into a single measure of seismic hazard
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405 for a specific site. Once probability relationships are derived from the observed seismicity (locations, sizes, recurrence) in the

area, exceedance probabilities of ground motion can be quantified (Kijko, 2019). It takes into consideration the seismicity of

the area from the distribution of locations, sizes, recurrence times and energy attenuation (Benito and Jiménez, 1999), to

integrate the probabilities of exceeding a certain level of ground motion from various seismic sources, at different distances

and with different magnitudes, that may occur at a site.

410
The technique-basis for carrying out PSHA is described in several steps (Kramer, 1996; McGuire, 2004; Reiter, 1990):
415 (1) identification and characterization of seismic sources;
(i1) determination of the recurrence distribution of each source, in time or magnitude;
(ii1) establishing the response parameter based on magnitude, distance, and site conditions with its uncertainty; and
@iv) 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.
420 This method allows for obtaining the mean annual exceedance rate (A;yx) for a given site and exposure time, defined
as the probability that a specified level x of intensity measure (IM) of ground motion is exceeded at this site (McGuire,
2004):
Ns
o) Mmaxi
M= Y w [ [ PIMS xim i mfeG) dm dr (®)
r=0 m=Mpjp
i=1
Where:
425 - Am>x 1S the annual exceedance rate of a soft soil movement intensity IM that exceeds a threshold value x.

- P[IM > x|m, 1] is the probability that IM exceeds x given an earthquake of magnitude M= m at a distance R=r.
- fui(m) is the probability distribution of the earthquake magnitude.

- fg;i(r) is the probability distribution of the distance to the site.

- Ng is the total number of seismic sources considered.

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

vi = exp(o;— B mg) 9
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455

with o = aln(10) and = bIn(10) being the parameters of the Gutenberg-Richter recurrence law:
Am = exp(a — pm) = 1027Pm, (10)

adjusted from the seismic catalog of the project using statistical techniques of-least-squares—or maximum likelihood. The
probability function in (8) is:

(1D

,(Inx —InIM
P[IM > x|m,r]=1—- Fjyx)=1—- & < aVerage)

Gln[M

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 (g) in relation to the threshold value x. Finally, fy;(m) and f;(r) are the parametric

probability density functions for which a functional model is assumed, estimated from the magnitude and distance catalogue.

Results are expressed as seismic hazard curves (SHC), which can be obtained for different intensity measures, the most
common being Peak Ground Acceleration (PGA), representing the exceedance probabilities over usually 50 years, and the
ordinates of the acceleration spectrum S,(T). Another 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 generates 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 coefficients incorporates an estimation error. Moreover, the arbitrary choice of
GMPE:s by users is itself an unsure process. All these uncertainties can be classified as random and epistemic (Kiureghian and

Ditlevsen, 2009; McGuire and Shedlock, 1981).

In this work, the logic tree method has been used as-apracticalmethed-to incorporate and analyse the inherent uncertainties
both for DSHA and PSHA analysis. Its formulation uses weighting factors, assigned to seismic source models and GMPEs
based on their likelihood (Coppersmith and Youngs, 1986; EPRI, 1987). The logic tree is constructed from a series of branches
connected through nodes, from which the computational process twigs according to a possibility or appropriate weighting
factors {w'}. These factors are assigned based on expert judgment (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 made

mathematically explicit in the calculation process in the equations to obtain Y at site P produced by each j-th seismic source:
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460 Yp,j =3 wi Yip,j (12)
And also, to obtain Y s at each site P:

Yp,Ns =3 Wi Yip,Ns (13)

which includes the effects of the Ns 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

465 seismogenic sources with their particular seismic scenario.

The logic trees used in this study incorporate a combination of three seismic source models and fourthree GMPEs, 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 ESHM20 (Danciu et al., 2024). The GMPEs weights in this study are

based on statistical performance and regional relevance, in order to properly address epistemic uncertainty. At each node,

470 branch weights are normalized so that Yw = 1.
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The-open-sourece DTM-downloaded from EMODnet website (Fig. 1) has been used to generate the computational grid in

4.4 DSHA and PSHA calculation specifications

26

weights assigned for each branch are shown in red. (modified from Danciu et al., 2024).

Figure 7. Schematic representation of the logical tree structure of the seismic hazard models: (Aa) DSHA and (Bb) PSHA. The

the seismic hazard calculations of this work. The DTM was resampled to generate grid points spaced at 0.1 degrees
(approximately the standard error in earthquake epicentre determination; Panza et al., 1990). In addition to its geographical
coordinates, each point was assigned 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 computational load. Thus, computationally, SHA calculations, using DSHA and PSHA, were performed on a grid
of 3,854 sites (Fig. S2). The clevation ofvertical-componentthat the DTM-ineorperates is used in the estimation of the relative
485 geographical distances, from the site to the seismogenic source, used by seme-efthe GMPEs.

For DSHA calculations, a computational routine wasaMATEABC-codehas—been developed to calculate the seismic

intensity with a selected GMPE, from different seismic source types, incorporating the extreme value distribution into the
DSHA as the scenario 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 determined at each site where the hazard is estimated, the
490 convergence characteristics of this algorithm allow it to be repeated for up to 100 iterations. This number is sufficient to
achieve an admissible error, |Xo - X*| in the root X* solution of Eq. (7) (Burden et al., 2015). TMereeverto-netably reduce
the computational time compared with earlier elder DSHA implementationsversiens (e.g., Wang et al., 2012), the- routine was
optimized through parallel processingale : i i i izati i

MATLABO (R2024a, Update 6, available at https://www.mathworks.com, last accessed: 08/07/2025). The routine is publicly

495 available at https://es.mathworks.com/matlabcentral/fileexchange/183034-dsha.

PSHA calculations where performedrevided 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
500 under soft soil conditions, with a Vs30 = 200 m/s, 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 100,000 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
505  https://docs.openquake.org/og-engine/manual/3.19/getting-started/installation-instructions/universal.html#devel-installation,

last accessed: 08/07/2025).

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 inwithin the IMR. The spatial hazard patterns in these maps are mainly controlled by the seismogenic

510 source model and its parameters. The selected offshore oriented GMPEs are statistically consistent with the onshore/near

coastal data used for benchmarking.seismieity—Similarlythe—mest—recent—GMPEs—speeifically—talored—for—offshore

onmenty-and-—show st aly—robust-compatibilitywith-theavailableseismie—data. This advancement represents a
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significant improvement over previous 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 being limited to
coastal and inland regions of the Iberian Peninsula and northern Africa or zones characterized by high seismic activity along
major tectonic fault line (e.g., Danciu et al., 2024; IGN-UPM, 2017; Poggi et al., 2020). However, the present results expand
the geographical coverage of previous 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 offshore infrastructures and their current and future deployment on the ocean floor, as vulnerable infrastructures may

be affected by significant seismic effects not previously considered (Karthigeyan, 2022; Kee et al., 2023). Fheseismie-intensity

5.1 Probabilistic approach

The seismic hazard maps for the area between the western Gulf of Cadiz and the eastern Alboran Sea, with return periods
of 100, 475, 2475, and 5000 years are shown in Figure 8. The-maximum expected PGA values vary according to the analysed

return perioddepend-significantly-on-each- GMPE-used,thus generating four different seismic hazard scenarios in the IMR. For
the 100-year return period (Fig. 8A)Using DRI, the mean horizontal PGA are between 0.17 and 0.60 gvalses+each039-¢g;

model: In the case of 2475-year (Fig. 8C)the DKK24 -maximum the PGA values range from 0.38 g to 2.59 g. Finally, for a

5000-year return period (Fig. 8D), the PGA values are around 0.44 - 3 are-around-0-51-g,0-78¢1.06-g-and-1-17-g, respectively.

A ¢ commented the nae of P A e Q
S

values-indicated-foreach returnperiod: For each map shown, the highest PGA values are found in geographic areas over deep

submarine zones of the IMR that exhibit the highest levels of seismic activity and intensity. Consequently, the highest seismic
hazard values in the IMR are observed across most of the studied extent of the Gulf of Cadiz. This pattern is primarily attributed
to deep seismic sources, located at approximately 60 km depth, which are associated with more intense reverse or strike-slip
faulting ruptures. Notable examples include the amengthese areal sources PTAS390, ESAS129, and MASS344-(identified-in
the ESHM20-catalogue) within the Gorringe and Horseshoe regions. Shallower right-lateral (RL) and reverse (RR) faults,
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including the SVF, MPF, and SWIM, also contribute to the observed hazard levels. In the Alboran Sea, the highest PGA values
are mainly organised in accordance with the most active shallow fault systems, Arzew, AIF and YSF, forming a pattern of
strike-slip oriented regions. It is evident that these values exhibit a reduced 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 extends northwards, accompanied by a band of more attenuated
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, 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.
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Figure 8. Probabilistic seismic hazard maps for the mean horizontal PGA (g) at APEs of (A) 1/100, (B) 1/475, (C) 1/2475, and (D)
1/50005 i i i . All values are estimated under soft soil conditions with Vs30 = 200 m/s.
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Regarding the locallyanemaleusly high PGA values (approaching the upper bound of ~>3g) that appear in the longest

return-period map (Fig. 8D) and, to a lesser extent, in the 2475-year map (Fig. 8C) should be interpreted with particular caution

because long return periods are increasingly controlled by rare, large-magnitude scenarios and by the upper tail of the ground-

motion variabilityafterthe HZ23-medel;. lit 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 combined 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 associated with GMPEs

extrapolation and variability.

seismotectonic—andgeomechanical-conditions—efthe IMR-. —The overprediction observed in the-HZ23 results ofin the
probabilistic_scismic -and-deterministie-hazard maps suggests that, while the HZ23 model may offer 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 seismicity of the study region, this limitation should be taken into account, and priority should be given to the

future development of regionally calibrated offshore GMPEs for the tectonic context 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),
particularly in marine zones. These results not only refine previous 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 considerable seismic
activity in the marine areas of the IMR. This emphasizes the need to consider seabed seismic dynamics in regional SHA

studies.

The resulting seismic hazard maps could be highly valuable 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 shaking demand. Spectral acceleration Sa(T) hazard maps, which are

more directly linked to structural response at different periods, 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: Nakanishi and

Takemura, 2024).
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5.2 Deterministic approach

The obtained mean PGA (g) seismic hazard maps (Fig. 9), considering the distribution of maximum control scenarios at
each of the 3,854 study sites (Fig. S2), were 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: IDR91, HZ23,
NT24, and DKK24. As illustrated in the applied logic tree (Fig. 7A), the weighted implementation of each GMPE has resulted
in a consolidateddifferent seismic hazard scenario, which has been weighted according to Eq. (13).—Figure-9A-—shows-the

D A e he 0O A h 1] [ OR he
d T 0 <9 =

For-the-four seenariospresented_The expected PGA values in the deterministic seismic hazard scenario are between 0.58

and 2.55 g. Tsthe spatial distribution of accelerations shows relative-similarities—Tthe that highest PGA values are found in
the Gorringe seafloor and extend to the Horseshoe Plain-in—aHlfourresulting—maps. These abyssal areas are influenced by
seismogenic sources and faults with moderate to strong seismicity, generating PGA outliers in the area, ranging approximately
between 1.20-:65 g and 2.55+8 grexecladingthe previously-discarded-HZ23-results. To the weast, PGA values range from
0.465 g to 1.82 g. This relates to a sequence of moderate seismicity 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 result 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) maps obtained show a geographical distribution of the maximum 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.
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Figure 9. Deterministic seismic hazard maps in terms of mean PGA (g) under soft soil conditions.; fer-the GMPEs-used-in-this

5 5 5

obtained—with-the DSHA—As Reiter (1990) points out, the DSHA does not contemplate 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, distributing the uncertainty due to randomness in the attenuation 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 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 inherently
random and unpredictable. It is important to acknowledge 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 critical industrial

facilities of socioeconomic relevance.
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5.34 Distribution of PGAs amplification in-the-eceanfleorrelative to a baseline PSHA using the ESHM20 model (rock,
onshore).

A baseline PSHA seismic hazard maps wereas computed using the published ESHM20 source model and GMPE logic

tree exactly as released (rock, fonshore 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 valuess. These baseline results are not part of the official ESHM20 products and are used here strictly as a methodological

distribution of PGA values obtained by baseline PSHA (ESHM20 model; rock) is increased throughout all its speetramrange

(Fig. 10+ A_and B)-and-with-very-similarrates-for IDRO1-and DKK24-and-much-higher for NT24. Incorporating the relief of
the ocean floor through bathymetry has an effect, although not as significant as the amplification of the attenuation curves.
The deeper the seismic intensity increases, the closer the control point is to the seismogenic sources in relation to inshore

territory or mean sea level.

36



685

Legend
012 lagand
—rock 016 - o
& 01 —ceaved g oM S Seaves
S o008 o012
= = o1
2006 2 o0e
004 006
004
R I galtnlifhtan
002 I
: Boues | CTRERET ) P - e
Trud?Syrs Tr=2475yr
0 o1 02 03 04 0s 06 07 08 09 1 ° 04 08 12 16 2 24 28

s L -t X 2 N
G s Atiantic - paa  Atiantic
Mediterranean Ocaan Mediterranean
38+ - 38 i -
3 e 3 Sea
[ ™ . 7 L
5 )
Pl il
Lil 2 P e ’ i
3
18 ]
T T T T T T T T T T T T T T T T
12 10 3 -4 -2 ° 2 4 -12 10 -8 - -4 2 ° 2 4
Longitude (*) Longituce [*)
L L L
032 T B Atantic b
0.28 Legend LT tMediterranean
0.24 | - ESHM20 - sen
02 —DRI1 o °
& v 3
$ois m—nT2e 3 :
0. 12 - DKK24 35+ s |
J | I 2 algeria
" | | Ik I | | | I :
I 8 L I ] I - . J L]
T T T T T T T T
=12 10 8 6 4 2 o 2 a
o 02 04 os 08 13 14 Longitude (*)
PG“’&‘ (g}
1 '} s - '
D Atlantic r4
Ocean Mediterranean
35 PR sen i
= —
g s
H36+ 4 -
3
algeria
2
1
T T T T T T T T
12 -0 8 & 2 ] 2 a

-4
Longitude (*)

maps of PSHA (in terms of PGA) at the seabed. (A—B) Histograms (in relative frequency) and box—whisker plots of estimated PGA

values for return periods of 475 vears (A) and 2475 vears (B), comparing baseline PSHA results under rock/onshore site conditions

(PGArock; blue) with the seabed PSHA results obtained in this work (PGAseabed; green) within the study area in the IMR. Baseline

PSHA (ESHM20 model; rock) results were computed by the authors using the published ESHM20 seismogenic source model and

GMPE logic tree exactly as released, clipped to the study area. They are not official ESHM2(0 products and must not be interpreted

as an offshore extension of ESHM20. (C—D) Relative-change maps are shown expressed as the ratio APGA = PGAseabed / PGArock

for return periods of 475 vears (C) and 2475 years (D).
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The combination of GMPEs, bathymetry and the spatial distribution of seismogenic sources in this study has provided a

new geographical pattern of amplification rates APGAGmpePGA s (see Figss. 10+ C and DB-D) close similar for different

return periods. As demonstrated in the literature (see Dhakal et al., 2021; Hu et al., 2020), offshore sites exhibit differing
distance attenuation 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 96 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 jociesiuze values in rock and emerged terrain (PGA-at475
years; calculated using the ESHM20 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 deuble-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 Fhere-are-notable-similaritiesin-the spatial distribution of PGAs amplification rates, tregardless-ofthe GMPE
used—Fhe highest amplification rates (represented by red-yellow. and-orange and red colors), exceeding five to six-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 Argelo-Balearic Basin. Mid-range amplifications rates (green-blue, and-yellow-green and
olive colors) are distributed across the entire study area. In this case, regions where the PGA values are already high, such as
the Gorringe Ridge, Horseshoe Abyssal Plain, and the Algerian margin, the amplification rates tend to be moderate, typically
ranging between 2+5 and 425 times the PGA ockesumzo. 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 assumes a
heightened significance, particularly in the context of basin bottoms characterised by the accumulation of substantial

sedimentary deposits.

Within IMR geographical framework, no discernible spatial correlation is identified between the amplification outcomes
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 observed 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 deublethree times, despite
the variations in the PGA values obtained with the GMPEs used and with the baseline ESHM20.
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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 of this study
argue that there is a significant need for underwater seismic observation stations. This need arises from the considerable
uncertainty and limited understanding of attenuation processes within the IMR. This is despiteregardless 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 address this gap, the authors recommend implementing underwater 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) rReformulation of a regionally adjustable backbone attenuation function, or a system of ergodic
functions, to better capture ground motion variability. Such methods have already been successfully applied in seismotectonic
settings, as shown in the ESHM20 model (Kotha et al., 2020; Weatherill and Cotton, 2020). These improvements would be

tailored to the specific Vs30 and D14 distribution 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 Alboran Sea. Despite the well-documented historical and instrumental seismicity
of the region, previous hazard studies have largely focused on terrestrial zones, leaving a considerable gap in our understanding
of undersea seismic hazard, especially 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
developments in seismogenic zonation (ESHM20) and GMPEs. This study has demonstrated that PGA estimation for seabed

conditions is both feasible and meaningful, providing crucial insight 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 consistent
spatial distribution of hazard for both DSHA and PSHA approaches, with maximum values occurring over regions

characterised by dense seismogenic activity and structural complexity.

s The incorporation of four
GMPEs (IDR91, NT24, HZ23, and DKK?24) allowed a comparative analysis of offshore attenuation behaviour. Among these,
NT24 and DKK24 provided the best statistical fit to observed regional ground motion data, while HZ23 exhibited

overestimation tendencies beyond its intended magnitude range, indicating 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

incorporated into the hazard modelling. The overestimation observed with HZ23 highlights the importance of developing or
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calibrating GMPEs specifically for the IMR, particularly for large magnitude, short distance offshore events. Given the
extrapolation beyond the validated model range, we recommend 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 have significant implications for the seismic design and risk management of subsea structures, such as
pipelines, cables, wind farms, and potential transcontinental tunnels. Current hazard assessments based solely on terrestrial
models may significantly underestimate seabed accelerations 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 subsea assets exhibit a wide

range of fundamental periods, a complete design-oriented hazard characterization ideally includes 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 natural periods in the. Future work will extend the framework to Sa(T) hazard and uniform hazard

spectra once suitable offshore 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 seismotectonic
contexts, such as the Japan Trench. While this approach was statistically validated, it introduces uncertainties that should be
addressed in future studies through the expansion of OBS monitoring networks in the region and region-specific GMPE
calibration. Similarly, the DTM resolution, though consistent with regional studies, may benefit from refinement in areas of
steep bathymetric gradients to improve hazard detail, accordingly, to include possible site-effects. Moreover, the potential
interaction between earthquakes and co-seismic hazards (such as landslides and tsunamis) requires further research. This could
be approached through integrated, multihazard assessment frameworks to better understand and manage these complex

interdependencies.

The integration of Neo-deterministic SHA (NDSHA) method and machine-learning approaches for source characterisation

are promising avenues. Under the adopted modelling choices, both DSHA and PSHA vyield consistent spatial patterns of high

hazard over major offshore structures in the IMR.
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Code availability

All MATLAB®©-ede scripts and configuration files used to perform the DSHA calculations in this study are publicly available
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Abstract. The convergence zone of the NE-SW complex at the Eurasian-Nubian plate boundary;eemprisingthe Gulfof Cadiz

and-the AdberanSea; is frequently affected by seismic activity;eaused-bysubmarinelong—strike fault systemsandarcuate fold-
thrust-systems—found-intheregion. This activity has caused moderate to high magnitude earthquakes and that may have
triggered tsunamis either directly due to seabed elastic deformation or indirectly by triggerin gledto-—several-tsunamigenie
sempee ke e oe apde Dode v submarine landslides— e e b o s P Lo L Bl Db
as-a-risk-to-National-Safety. Tsumanihe-eurrent risk-is-higherthan in the area is significant and increasing mainly because of

the growing economic and social pressure on the coasts. Although seabed deformation after earthquakes in tsunami hazard has

a_de facto standard study approach, seismicity and submarine landslides are not well considered amongst different

understand tsunamis caused by landslides, we need to consider both geomechanical properties and the spatial distribution of

PGA—(Peak Ground Acceleration (PGA)} as a triggering mechanlsm%ﬂﬁfeﬁnaﬂeﬂ%%enﬂﬂaekmg—nmselsmha%am

seript-has-been—used._This paper is the first of a series of papers to follow, showing our stepwise approach towards better

understanding seismic triggers of landslides that may cause tsunamis. In this paper we present a deterministic seismic hazard

approach (DSHA) preceding other approaches to be presented soon after. The idea behind testing different methods is to assess
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the advantages and disadvantages of each approach to be considered as an input in landslide susceptibility. Fhe-improvements

PGAY— Our main contribution to the DSHA approach is to include a full 3D model to estimate peak ground acceleration

(PGA). The results-oebtained show significant accelerations can be expected in the marine area along with a notable varied

spatial distribution. Hence it proves the need to further and better study the seismic effects on the seabed, which are usually

blanked out in seismic hazard maps. This information is essential in the assessment of slope instabilities that may cause

tsunamis. tha

1. Introduction

The areas between the Gulf of Cadiz and the Alboran Sea;-o+the- (Ibero-Maghrebian region) is located on the Eurasian-
Nubian plate boundary (Buforn et al., 2016)-(Bufornet-al-1995). swhieh-It comprises the southern Iberian Peninsula and the
Maghreb er-(western part of North Africa) and it-is_—eharacterized-by—aetive-tectonics is medium to moderate active with
frequent seismicity; due to the eontinental-collisiontectoniecontactwhere-the-convergence of the African and Eurasian plates
eonverge. Major and devastating earthquakes he also been registered in the area (Buforn et al., 2015) such as Fhisregionhas

the_1755 Lisbon earthquake ef1+755and tsunami (Table 1).
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Table 1: Location, date and magnitude of some large earthquakes in the Ibero-Maghrebian region.

Region Location Date Magnitude Casualties Reference
Malaga 10.09.1680 6.8 70 Goded et al. (2008)
Lisbon 11.01.1755 7.7 100,000  Chester (2001), Fonseca (2020)
Southern Iberian Torrevieja, Alicante 03.21.1829 6.8-6.9 389 Silva et al. (2019)
Peninsula  Andalusian 12.25.1884  6.5-6.7 839 Udias and Mufioz (1979)
Adra, Almeria 06.16.1910 6.1 - Stich et al. (2003)

Cape St. Vincent, Portugal  02.28.1969 7.8 19 Lopez Arroyo and Udias (1972)
Oran, Algeria 09.10.1790 6.0-6.5 2.000 Avadi and Bezzeghoud (2014)
. El-Asnam, Algeria 10.10.1980 7.3 2.633 Avyadi and Bezzeghoud (2014)
Nort Africa
Zemmouri, Algeria 05.21.2003 6.8 2.278 Avyadi and Bezzeghoud (2014)
El-Hoceima, Morocco 02.24.2004 6.4 629 Tahayt et al. (2009)
Nowadays SHA) to-estimate-plausible-ground-motions-and

mitigate-seismie-hazard-and-asseciatedrisks(Reiter; 1990y Currently, the two broad standard approaches to seismic hazard
analysis_(SHA) are Deterministic Seismic Hazard Analysis (DSHA) and Probabilistic Seismic Hazard Analysis (PSHA)

(Reiter, 1990). The DSHA uses"deterministic information during the analysis (Reiter, 1990: Kramer, 1996; Campbell,; 200

—These soretime —presbioned methods-C oo eiosmd - Lopn e 2000 T leiniie o L00 0, [
2002 Kessebekev—et-al;2022) remain the most widely used in regional seismic hazard assessments worldwide (Loi et al.,
2018; Sinha and Sarkar, 2020) although they have also been criticised (Castaios and Lomnitz, 2002; Kossobokov and Panza

2022). Although, the approach offered by a probabilistic assessment PSHA is currently the most widely implemented by the

"

scientific community and seismic risk assessment and mitigation plans, the DSHA is still considered useful in "“worst-case""

scenario modeling situations (Grasso and Maugeri, 2012; Mostafa et al., 2019). The latter is anis-type-of seenario-is-standard

procedure-in-emergency-planning due-to-its-conservative approach to hazardrisk estimation commonly used by civil protection

systems. DSHA was the first methodology proposed in the late 1960s to assess seismic hazard in nuclear power plant design
and engineering projects and was later applied to large industrial infrastructures (NRC, 1973; AEIS-IGN, 1979). This method

assumes that seismicity behaves stationary by assuming that future earthquakes will occur in a similar way as they did in the

past. The simplicity of its application is based on the fact that the seismic information required for its implementation uses

geology and seismic history to identify earthquake sources and interpret the strongest earthquake that each source is capable

of producing, regardless of time, or maximum credible or capable earthquake (MCE) (Krinitzsky, 2005). Therefore, the DSHA

is a method that does not provide information on the return period of the MCE. The MCE earthquake is the largest possible

3
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occurrence along a recognised fault under currently known or assumed tectonic activity (USCOLD, 1995). However, it should

be noted that DSHA and PSHA can complement each other, providing more information about the existing seismic hazard at

the site under study (Wang et al., 2012).

The marinezone proposed-test area in this work;
end-of the Alberan-Sea;-has not been speeifieally-addressed in seismic hazard studies recently; despite its significant record of

the-importance-of the region-as-a generating souree-of carthquakes, submarine landslides and tsunamis (Papadepeutes-et-al;
20144-Rodriguez et al., 2017; Vazquez et al., 2022). TheMoreover, -the first and only recerded-attempt to assess the seismic

hazard in this area was made by Molina Palacios (1998), in which the seismic hazard of the Iberia-Africa contact area was
assessed-based on a probabilistic approach. However, no DSHA applieatien-approaches is-have been carried avaiable-out in
this submarine region. The study area alse-includes some emerged areas-landen-its-berders—; te-the coastal areas of the north
on-the-southern eeast-efthe-Iberian Peninsula and te-the-seuth—onthe North African-eoast. These;beinghabitable-areas;

emerged sites do have exhaustive seismic hazard studies, using both deterministic and probabilistic approaches. Several fr-the
Iberian-partmultiple probabilistie-studies have been conducted in the Iberian regionasried-eut (e.g., Crespo et al., 2014;-Rivas
Medina; 2044 Salgado Galvez et al., 2015; IGN-UPM, 2017; Rivas-Medina et al., 2018) to assess seismic hazard using PSHA
methoddate._ Recently-Similarky, the seismi i i
deterministic-approach-and-a-Neo-deterministic Seismic Hazard Assessment (NDSHA) -(Panza-et-al; 2001 Panza-and Bela;
2020)-has been applied was-recentlyperformed-for the Iberian Peninsula-by (Garcia-Fernandez et al., £2022) and for Sevilla

city (Sa et al., 2021)-beingthefirst study-of this-type-in-the peninsula. In the North African part, the-mestrecent PSHAwas
p%Pfefmed—by—Poggl et al. (2020) performed a PSHA, and being

in this region.

The main goal of this paper is to performa SHA for bedrock-eonditionsfill the gap of studying the marine area between
the W of the Gulf of Cadiz and the E of the Alboran Sea, based-en-using a DSHA approach;-censidering-areal-seismogenie

sourees. To carry out this analysis, we have used an improved and upgraded Exeel-based—Visual-Basieseript-for DSHA
(eﬂgmal—wnp}%vefs&eﬂ—the model from Wang et al., 2012). Alse;a-To test the reliability of the outcomes, we have eemparison

a;-compared our results in the emerged land

of submarine landslides-. This work is the first DSHA carried out in the Ibero-Maghrebian submarine region.
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2. Seismotectonic setting of the study area

The study region

region-enterestronthnedatth—redpolygon-tmen - s o—-extends from the-Cormneebdueand-theHomeshoeA byl
Plain-ongitude- 11.5°W Yin-the-westup-to-the Adgerian-compression-belt-(Jongitude-to 2°E); from the Gorringe Ridge and the

Horseshoe Abyssal plain to the Algerian compression belt (Fig. l)m—theeast—@g—l—)—wﬁh—%&bfa%%r%th%éefeimaﬂen

. The northern
edge is bounded from WNW to ESE at latitude 38°N, by the Algarve region to the Guadalquivir basin;-. where-This limit

runs parallel to the ENE-WSW Cenozoic reverse fault line, along the southern boundary of the Guadalquivir depression with

the Baetic, parallel to the Crevillente fault.-and its extension to Cabo de la Nao, close to the Don Juan fault, the beginning of

the Valencia trough. To the south, it follows the trace of the Gibraltar_transform fault WNW-ESE at latitude 34°N to the Rift
region and from there it takes an ENE-WSW direction parallel to the Algeria’sn Mediterranean Ceoast along the southern
boundary of the Atlas Mountains, parallel to —the-Arzew faults, to the Algerian eompression—beltTénes and Thenia faults

systems.(Buforn-et-al51995)

The structures—that-teetonically-eompesetectonic structures of this region are still active today_as proven with seismic

records. This activity also demonstrated afterAs-shewn-by geodetic data and geodynamic studies that have been carried out
for decades (e.g., Buforn et al., 1995; Negrede-etal;2002: Soumaya et al., 2018).; Ttectonic models of NW-SE to WNW-ESE
show oblique convergence between the Nubia and Iberian plates (Reilly et al., 1992; Herraiz et al., 2000) withpresent

displacements of 2 to 5 mm/yr (Nocquet, 2012) of the western Betic Cordilleras with respect to the Iberian Massif (Keulali-et
al520+HPalano et al., 2013; Gonzalez-Castillo et al., 2015). The Gulf of Cadiz and Alboran Sea basins are characterized by

a complex geodynamic context resulting from the interaction between tectonic plates (Custddio et al., 2016; Neres et al., 2016).

This area is highly activeThe

AJJee%an—Sea—Fegeﬂs—aﬂd—m&kes—H—eh%meﬁ geologlcallyl—aeﬂs&%afea—m—the w1thwes%em—Med+{eﬁaﬂeaﬁ—aﬁeeted—by—seme

moderate to low-moderate seismic activity.;-as-attested-by

Hhistorical cases_have demonstrated the occurrence of such hazards in the region (Vazquez et al., 2022a). The plate boundary

of the study area is usially divided into four main areas acording to their stress regime: the SW as simple shear zone, the pure
shear Gulf of Cadiz as the Eastern Betic, and the South Moroccan compressional arc.
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Figure 1. -Location of the area of interest of R ir_-this work in relation to the

tectonic setting. Abbreviations are as follows: WAB: Western Alboran Basin, EAB: Eastern Alboran Basin, AOB: Algerian Oceanic Basin,
SVF: Sao Vicente Fault, MPF: Marques de Pombal fault, SWIM: Southwest Iberian Margin lineaments (1, 2 and 3). AIF: Al Idrisi fault
YSF: Yusuf fault.

https/www-ign.es/weblign/pertal/sis-cataloge-terremotosy—Background: shadowed Digital Terrain Model (altimetry and coloured
bathymetry) in the study area (extracted from GEBCO; https://www.gebco.net;2620).

The Gulf of Cadiz is located on the contact boundary between the Eurasian and African plates;—. which—+uns—in—its
westernmostpartlt extends; from the Azores Islands to the Strait of Gibraltar, through the Iberian massif and the Algarve basin
region to the north, and, in the eastern part, through the orogenic arc of the Betic-Rifefiaenean mountain range;-the-westernmest
of the Mediterrancan-—alpinechains. It is characterised by a NW-SE oblique convergence regime, mainly controlled by the
formation of the Betic-Rifefio Orogensne eregen—+ange-and by the accommodation of post-orogenic compressional tectonic
activity (IGN, 2023). This tectonic configuration makesmeans—that seismic activity in the Gulf of Caadiz is

impertantsignificant, with moderately deepmainbyshallow earthquakeso (h <40 - 6036 km), but not subduction zone has bben
witheut-clearly marked (Custodio et al., 2016)ing-asubductionzene.; and-ef-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-with-a

rraximum-herizental-compression—in-aNW-SE-direction. Hewewver—tThere is also historical and instrumental evidence of
several high-magnitude earthquakes in the region. These include the earthquakes of 1755;-with-an-approximate-magnitade-of
(Mw ~7.5; Mendes-Victor et al., 2009)8-5); and of 1969-with-a-magnitade-of (Mw 7.8:;- Lopez Arroyo and Udias, 1972))
both whieh-causinged a-small-tsunamis that affected-en the coasts of Morocco, Portugal, and Spain. Geelegical structuressuch

astThe Gorringe Bank, the Saoan Vicente submarine canyon_(Sao -Vicente fault), Horseshoe, Marqués de Pombal, and the

Nazaré-and-Cadiz-AlicanteSWIM faults eoineide—with-the-areas-efshow the greatest seismicity in the region_surrounded by

the Gorringe Ridge, the Coral Patch, and the Horseshoe an Seine abysisal plains.

The Alboran Sea is the westernmost part of the Mediterranean Seas-. It is bordered beth-to-the-nerth-and-to-the-south-by
the Alpine Msrountain ranges of the Betic —te-theseuth-ef in the Iberian Peninsula; and the Rif in the north of the African
eontinentAfrica. It is a complex contact zone between the Eurasian and Nubian tectonic plates, whoseits genesis and evolution

are related to the process of convergence between these plates, due to the northward motionpushk of the African plate.—Fhis

- Among the tectonic structures, the submarine mountain ranges stand

out, with a length of more than 50 km, orientedwith-a NE-SW-erientation; and delimited to the north and south by reverse
faults with opposite dip. On the other hand, there are two sets of conjugate directional faults: NNE-SSW sinistral faults such

7
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as the Al-Idrisi fault, or NE-SW faults such as the Carboneras fault.; and NW-ESE dextral faults such as the Yusuf fault. The

maximum magnitudes recorded in the Alboran Sea have lower values.
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5 ; 5 —Also, thelts seismic activity in the Alboran Sea is

interconnected with the activity in the southern Iberian Peninsula through the complex tectonic system running E-W from the
Rif and Alboran Ridge, Eastern Alboran Basin, to the Arzew faults and-alpine Tell Atlaschain (e.g., Mourabit el al., 2014;
Lepétre et al., 2018).

oceurinthe-S-and-SE-Iberia-and N-Moroecco—Many recordedFhe-vast-majority-of earthquakes (Fig—-have shallow foci (h <

50 km; IGN catalogue), although a significant number of earthquakes are also generated at intermediate depth (50_- 200 km)
and some occur at greatvery depthep earthguakes-(600 - 670 km). Deep earthquakes are loeated-in the province of Granada
(south of Durcal-Alboran Sea) (Molina Palacios, 1998; Buforn and Udias, 2007). Intermediate seismicity is mainly located in
the areas of the Gulf of Cadiz, mainly located within the crust up to a depth of 100 km; about 90% of the observed seismicity
occurs at approximate depths up to 55-60 km in the Gorringe Bank, High Atlas and -in-the Granada-Malaga-O ofde Alboran
area. In the Alboran Sea there is also significant shallow seismicity at depths of less than 30 km, especially in the active Betica-

Alboran-Rif shear zone; from here onwards to the W it becomes much deeper.
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3. Materials
3.1 Ocean and land digital terrain models

The mid-resolution digital terrain model (DTM) employedused in this study was constructed frem—-a-after the gridded data set
developed by the four Regional Centres of the Nippon Foundation-GEBCO Seabed 2030 Project (Mayer et al., 2018; GEBCO
Compilation Group 2022, 2022)-compHed—with using satellite altimetry; from the European Marine Observation and Data

Network (EMODnet; http://www.emodnet.eu/).= This global terrain model for ocean and land with-has a spatial resolution of

15 arc seconds. -The vertical component that the DTM incorporates, for each point over which the hazard is assessed, is used

in the estimation of the relative distances, from the site to the seismogenic source, used by some of the GMPEs.

The open source DTM downloaded from GEBCO web site (Fig. 1) has been resampled by averaging to 0.1° grid resolution

corresponding to cells with approximately 10 km in latitude, to simplify the comparison of our work with previous studies.

Computationally, our estimated PGA using the improved DSHA was performed on a grid of 3,854 sites, generated from the

above resampled. This grid size was chosen on the basis of experience and approximately equal to the standard error in

earthquake epicentre determination (Panza et al., 1990; Suhadolc, 1990). is-preducedfrom—version2-4-of the SRTM15+base
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Fhere-areseveral seismogenic zonationmodelsthatSeveral seismogenic zonation models partially cover the study area

(TableEig- 2). However, there is no_single seismogenic zonation that fully covers the area of interest and surrounding areas to

affectively account for their effects (Fig. 2).

iIn this study we opted to integrate
different models into an areal seismogenic zonation model covering our studied region, analysing their compatibility. Among
the previous seismic zonation models, the selected models, together with their corresponding characteristic seismic parameters,
were the ZESIS (Fig. 2a) and the NAF model proposed by Poggi et al. (2020) (Fig. 2b). ;-These models were chosen because
the ZESIS model has been used in the SHA for Spain and the NAF is the most recent model for the North African area.

Additionally, both models cover geographically and almost entirely overlapping the study area of this workas-they-are-the-mest

Linitially,-efinterest the areal seismogenic sources -that-are-within the limit (perimeter marked in red in Fig. 2) in both models
were considered of interest.; Byin-this-way;in-addition-te-making-an integratieng-ef both models, the NAF in the north can be

complemented with the ZESIS, and the ZESIS east in the south with the NAF.

Table 2: Seismogenic zonation models partially covering the study area.

Zonation model Covered extension Reference Implementation

ZESIS or COMMISSION Iberian Peninsula Garcia Mayordomo (2015) Seismic hazard map of Spain

SA and SB Portugal Vilanova and Fonseca (2007) Seismic hazard map of Portugal
EC8 and ERSTA Portugal Carvalho and Malfeito (2018) Seismic hazard map of Portugal
ESHM13 and ESHM20  Euro-Mediterranean region Woessner et al. (2015); Danciu et al. (2021)  Seismic hazard map for Europe
NAF North Africa Poggi et al. (2020) Seismic hazard map of North Africa

10
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4. Seismic hazard assessment

Seismic hazard is_-a concept commonly used to express the probability that the intensity threshold is exceeded, by one or more

an-earthquakes. during theeeenrsinagivengeographicarea—withina given time period, within a region of interest and-witha
ground-metion-intensity-execeeding a-given-threshold-(McGuire, 2004; Kijko, 2019). It is generally conveyed as a year or multi-

year percentage to reach or surpass certain values of peak ground distance, velocity or acceleration, distributed in an area-ttis

et-al2017: Panza-and Bela;2020). Sla-DSHA_ seismic hazard is defined in DSHA as the 2™ quartile or other selected

percentile (e.g., 84% or 98% as used in this work) of ground motion intensity (PGA measured in g for this work) from a single

earthquake or set of earthquakes, and is calculated from simple earthquake information and ground motion attenuation

relationships-statisties -(Krinitzsky, 1995, 2002) that assumes a particular earthquake scenario. Seismic hazard in PSHA is

determined by calculating ground motion frequencies or exceedance rates using a mathematical model based on statistical

earthquake (size, time and location distributions) and ground motion functionsrelationships (McGuire, 2004, 2008). This model

takes into account uncertainties 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) in SHA. Although beth-SHA methods use seismological and

geological information, they define and calculate seismic hazard differently, which improves the understanding of seismic
hazard forecasting at the studied site or region (US NRC, 1997; Benito and Jiménez, 1999; Orozova and Suhadolc, 1999;
Wang and Cobb, 2012). Theis complementarity and practicality of the DSHA in submerged areas with uncertain and difficult
to obtain information are two -is-ene-of the -main-reasons why-in this work in-the-absenee-of-aprobabilistie seismie-hazard
map-of-the-entire-propesed-area;—it-has been chosen as ate-start-the preliminary SHA alternative to other more complex and
data-intensive hazard assessment methodsstudy-—with-the DSHA._A key component of SHAs is the ground motion attenuation

equationratie, which—Jt account for the energy loss of the motion due to the distance travelled by the shock.-Medels-ofsuch

Aattenuation models are referred to as ground motion prediction equations (GMPEs).

11
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4.1 Ground motion prediction equations (GMPEs)

prediction—equation {GMPE)Theseattenuation—Attenuation functions are commonly derived from strong ground-motion
records for an earthquake (i.e.. Campbell and Bozorgnia, 2003). Functions relate the-ef magnitude M eeeurringat-and the a

distance R er-of the seismic scenario (M,R)

With an appropriate set of quality records, it is possible to fit a parametric {pi-model f(M,R,di{pt}) to estimate the intensity

of strong motion (Y) for a given seismic scenario. The fitted parameters reflect the characteristics of magnitude, and distance

scaling, but also near and far -source, faulting mechanism, and hanging wall effects. The heteresenousheterogeneous
(M,R) sampled

geological media causes a dispersion in the

-So. the correlation between variables can be

strong, but never perfect, se-that means there is an unavoidable errer-uncertainty or random deviation ¢ in these regression

models. 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:

5 Y~ f(M,R,.0itpif) + & (1)

provide an estimate of the median_ground motion and the efror-term_g, od-tre-tveeverty-the-intensity-of the-ground-motion
in terms of magnitude of the earthquake, distance and-to site, and-rupture mechanismede and geological conditions_(Douglas,

2001--2020). The deviation term ¢ is identified by a Gaussian distributed random variable, with null mean E[¢] =0 and variance

Var[e] = ¢ or random dispersion around the behaviour of the model.

EOO=fMRoApi+—=HM)+HR T +eM -+ LR+ 5ph—+-
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Most GMPEs (})-are defined in terms of finite metrics of relative fault distance_to the SHA site assuming a planar rupture

geometry. These metrics are usually incorporated in GMPEs_—sueh as a distance to the surface projection of the rupture so

called Joyner-Boore (Rjg).. or the closest distance to the rupture plane (Rrup)—Fig—3)—TFheruptore-trace-is-defined-asthe

reliefof the terrain-where-the-site-islocated. HoweverTherefore, there are other distances considered in the GMPEs catalogue

formulations where-# the terms ef-expression{1) involving R distance in Eq. (1) are givening as a function of dephtdepth (i.e.,

Rrup;) Ry;-0rZzor.; In these cases, the estimation of the intensity of the motion is affected by the terrain relief (altimetry or

bathimetry) where the site is located. Thus, the estimated shake motionvement Y in mountain areas will be loweress than in

marine abyssal plains because e

use they are closer to seismogenic sources, and—S;-se-it
is-expeeted-that the results of the estimation of Y in regions with significant unevenness will be sensitive to the use or notlack
of a DTM of the area.
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UnfertunatelytThe scarce availability of strong motion records for the whole Ibero-Maghrebian region-Algerian-marine
&, tHeris-a-selection-ofasetof
mere-drive us to select a representative set of GMPEs, without the possibility of direct comparison {(Atlinsen—etal; 26044

with local earthquake records, in a meaningful range for the (M,R) scenarios. Therefore, instead;nondireetnon-direct selection

criteria have to be used, relying on SHA works that has been carried out in the emerged surrounding zones to the study area,

and paying special attention to the adequacy of the tectonic context and the suitability of the GMPE functional form (Cotton
et al., 2006; Poggi et al., 2020)..

Penmsala—aﬂd—NefﬂhArﬁﬁea—berdem}g—th%smdy—a;ea— The fact that the Ibero-Maghrebian-Aleerian study area is a mainly off-

shore submarine region geographically located at the confluence of oceanic crust, active continental crust, and stable

continental crust complicates the selection of suitable ground motion models. The GMPEs for active tectonic regions strongly

underestimate the response spectrum ordinates for western Iberia—Heowever—the-analysis-doesnotsupport-that-the eround

etal., 2018; Poggi et al., 2020; Hasterok et al., 2022) describeistinguish much of the study region as a-zene-ofactive Variscan-

Hercynian zone in an active shallowsurface crustal region (ASCR). This region is; surrounded by stable continental cratons in

the central African area to the south and the central Iberian Peninsula to the north, and by a stable Atlantic oceanic region to

the west. Hence, it is assumed that in the ASCR there is a homogeneous behaviour of the crust in the ground motion response

to seismic shaking, and the set of GMPEs chosen for the area can be applied uniformly over the whole area without distinction.
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SHeneethe-seven GMPEs have been selected fortheireompatibility(Fig. 34a for the GMPEs in the ASCR) considering

the updating works of the seismic hazard maps in Portugal, Spain, and North Africa and the European revisions of the SHARE

and GEM-OQ homogenisation projects—wi

and-GEM-OQ-prejeets.. Although—tThe degree—of relative—impeortanee—or—weighting of each GMPE has been adjusted;
considering that they apply equally over the entire extent of the ASCR, according to the values observed at peints{control
cities)-in-emerged-territory. The PGA is the seismic intensity Y used in all the GMPE models selected in this work. Two
equally weighted models for the stable continental crust region (SCCR) and the ASCR of the North African zone: Chiou and

Youngs (2008) and Akkar and Bommer (2010) were applied (Poggi et al., 2020). Specifically, the coefficients inFer -AKBO10
fromin-particular-the-coefficientsof Bommer et al. (2012) have been incorporated; and the distance applied in CAFAO08 is
limited to 15 km-below, in-accordance-with-the recommendations—made-as recommended by GEM-OQ in its inventory of

GMPEs (Douglas et al., 2010)-GEM-OQ-in-its-inventory-of GMPEs. The-magnitude-of-the-seismie-tntensity—Y—used-n—al
selected GMPE models-is-the PGA:
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Figure 34. Ground motion prediction equations used, and the resulting weighted composition (GMPEw) applied in the BSHAthis work. (a)
440 plotofthedifferentones-GMPEs BOAT08, AKBO10, CAFA08, BINDI11; and CHYO14 in-theease-of (for reverse rupture-mode, magnitude
8-Mw~8 and seismogenie-25 km of source depth-25-km). (b) plets-ef weighted composition of GMPEs for a-magnituderange (MCE-5-t0-8);

25-km-and-35-km-seismogenic-source-depthsand reverserupture-mode- reverse rupture.: 25 to 35 km of source depths and-magnitude Mw

range from 5 to 8.
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i i iea—The BOATO8 model (Boore and Atkinson, 2008) has an uncertainty in Ln(Y) of
o = 0.564, with Y in g, is valid for the entire magnitude range ;It uses theJoynerBeerthe e-Rjg distance distanee—ein its
formulatien; is recommended when the fault geometry is unknown, for focal depths between 2 km and 31 km.Its;—and-a

formulation is parameterised according to the focal rupture mechanism (reverse, normal, or rupture-tear). The AKBO10 model
(Akkar and Bommer, 2010) has been used in its updated rock version (Bommer et al., 2012), as recommended by GEM-OQ
(Giardini et al., 2013; Woessner et al., 2015), to obtain log(Y).;-with-the PGA-in-em/s*;considering-a It is formulatedion in
three categories according to the failure mechanism, it usesinge the-Ryp distanee-and uncertainties o1 = 0.2610 (intra-event) and
62 = 0.0994 (inter-event). The CAFA08 model (Cauzzi and Faccioli, 2008) provides log(Y) has where-Y-is-in-m/s*-with an
uncertainty of o = 0.344 for the horizontal PGA, taking a reference shear wave velocity in the upper 30 m (V30) of 800 m/s,
corresponding to soil type A, according to Eurocode-8 and the-RJB distance modified with-by the depth to the source.

The EEMCEs in this work are very close to the upper bound of the low magnitudes used in the Spanish hazard model;-se.
Hence the possible effect of the BIND11 model (Bindi et al., 2011) has been considered with an uncertainty of ¢ = 0.337,
similar to_the rest of the models, using Ryp to obtain log (Y), where Y is in cm/s?, in rock (V30 > 800 m/s) as a function of the
different classes of failure mechanisms. The last of the strong shallow ground motion models used is CHYO14 (Chiou and
Youngs, 2014);-whieh. It obtains Ln(Y);-with-Y-in-g-intheroek; as a function of the Ryp and Ry, distances, for which a value
of Zror = 40 km has been taken as the upper limit of the mean rupture depth, an average dip of 60°, and the different types of
rupture mechanisms that act predominantly in each seismogenic area. In this, GMPE model,; the random variability includes
the magnitude dependence with;-astong-as-the-threshold-ef MCE >= 5 as magnitude thresholdis-exeeeded, and the nonlinear
response of the ground wasthathas-bees fitted as a function of V3 (Chiou and Youngs, 2014). Finally, the twvo GMPE models

applied in deep areas are {Youngs et al., (1997) and: Zhao et al.; (2006). They correspond towith those of the model developed
for Spain, based on subduction data ander global databases, applied for seismogenic sources at about 60 km depth, three
located S and SW of the Gulf of Cadiz and one E of the Strait of Gibraltar, in the Iberian Peninsula (IGN-UPM, 2017). These
models are adaptable for scenarios with high magnitudes (up to Mw ~8.5) and long distances with slow attenuations, such as

those observed in these areas.

4.2 Deterministic Seismic Hazard Assessment (DSHA)
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mainerefore;the-mostimpeortant input parameters_en the classic DSHA (Reiter, 1990) -are the maximum magnitude associated

with the characteristic earthquake as_the maximum credible earthquake (MCE) for each seismic source area and an_a set of

attenuation relationship or GMPEsla
L. ] L. - ) ’ Vo) which led o . | ; E

of prudeneceand-despite-the fact-that the Althous DSHA does not explicitly incorporate uneertainties-through-the-probability
and recurrence functions-ef-seismie-eventsin-an-area, the seismic hazard can be obtained as a certain percentlle of ground

motion.

The 50th percentile

movement-is mostly used in preliminary DSHA studies-with-DSHA, and-the-as well as the 84th percentile when it is used
mevementissometimes-used-for critical structures. Thus, some deterministicseismieriskanabysesDSHA -use theean second
quartile PGAmetion plus a standarddesign deviation, which is equivalent to an exceedance probability of 16% (Ben-Zion et
al., 2003), calculated from simple earthquake and ground motion statistics (Krinitzsky, 1995, 2002)-in-a-particularseismie

For-itscomputation;ttThis work we follows a series of steps_as the classic DSHA scheme (Reiter, 1990b; Krinitzsky, 1995;

Kramer, 1996; Campbell, 2005) that allow the deterministic derivation of the seismic hazard with a zone-based method:

(i) Build a A—catalogue construetion-of Ne-seismogenic sources_SS;: —SS;i}i-1..nr, which-may-affeet-thestudyarea,such-an
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(i1) Charaeterisation-AssignCharaeterise of the seismic potential toef each source SSj with its MCE] and the prevailing focal
mechanism (normal, reversethrust or strike-slip). SS;-that-is-eapable-efasignificantground-motionatthesite for MCE;-and

Select the set {f'} of the

empirical Greund-MetionPredictionEquations{GMPEs) or attenuation relationships laws-Y=f(M,R,{',c'y), with their

corresponding parameters ¢y th ity-and the

random uncertainties 'y for each i-th prediction equation.
(iv) Arbitrarily select the desired probability of exceedance PRexeda=Pr[Y>=yma/M,R], for a seismic scenario given by the
(M,R) pair.
(v) Calculate the p-th percentile equivalent to the probability of exceedance:

PCp= Pr[Y<yp,/M,R]=1- Pr[Y>=y,/M,R] 2)
(vi) Calculate the standard normal random variable Zo;, of mean 0 and variance 1, that matches the percentile PCp;.
(vii) Loop fFor eacha site P located at the geographic coordinate position (x,y,h) with latitude, longitude and hypsometry
(height or depth above mean sea level) do.-
(viii.a) Loop fFor each j-th seismic source SS; (j=1,.... Nr), assuming that the worst-case scenario (M,R, focal mechanism) is
set, defined as the occurrence of an earthquake of magnitude M=MCE;j from a point of the j-th seismogenic source at the
shortest possible distance R = Ruyin =min{d(P,SSj)}, based on the distance (Fig—3)-to be handled (R;s, Rep, Ruip, etc.) in the
attenuation function (Fig. 34).
(viii.a.1) Calculate the median ground motion (50th percentile or GMPE treated as deterministic) of the seismic parameter
Y'so; at the site, with each i-th GMPE: Y'so; = f{(M,R,¢'x).
(viii.a.2) Calculate the p-th percentile of the seismic parameter at the site with the i-th equation of motion:

log Yip; = log Yiso; + Zo1 o'y 3)

(viii.a.3) Obtain the on-site seismic ground shaking parameter Y, on site P produced by each j-th earthquake source.
(viii.bix) 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: Y ,(x,y,h) = max{Y,;}

(ix) Write Yp(x,y,h) output to change to a new location of the P site to assess.
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A= However, Ssince in each GMPE the log

Y value is distributed as a normal random variable of mean logY with standard deviation ¢ (Kramer, 1996), then;-sineeand

Yo(x,y,h) =max{Y,;}, both Y, and Y, are random variables. Fausifthe p-th percentile Y, is accurately calculated as follows:

Pr[Yp e yp/M, R] —F (logYp—IOiYmax/M,R) _ % @)

in accordance with the classical scheme, with a single dominant 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 distribution of Y, ns as

the extreme value of a set of values (Coles, 2001; Ang and Tang, 2007), the above approximation is computed as:
Pr[Yons <= yp/M,R] = Pr[Y; <=y, /M,R|xPr[Y, <=y,/M,R]x..xPr[Yys <= y,/M,R] = % %)

This implies incorporation of the effect of the remaining NS 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

NS

. logYyns —logyjmr) P
l l o ~ 100
j=1

equation:

(6)

As this paper uses an approach based on a logic tree scheme that weights the GMPEs to capture the epistemic uncertainties in
the hazard estimation, the above equation is rewritten to solve for each i-th GMPE f(M,R,¢') used and its corresponding i-th

random uncertainty c':

o—l

NS :
; ; lOgY[l),NS - long/M,R p
(p‘(long‘,’NS) = 1_1[ F( - ~T00 " 0
]:
(7

from which each Y', s is obtained.
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4.3 Epistemic uncertainty treatment: logic tree scheme in DSHA

There are numerous uncertainties in the DSHA methodology that arise from a lack of knowledge or limited

estimation-ofits-sizes;-and-the-definition-of the-seismic-sourees- -The extreme complexity of the process limits its discernment,

which hinders its conceptual understanding for its correct modelling, to its irregular spatial, temporal, and magnitude

distribution, to define the seismic sources. In addition, uncertainties arise on the GMPEs, which the statistical adjustment of

their coefficients incorporates an estimation error, and arbitrary users choice is itself an unsure process. All these uncertainties

can be classified as random and epistemic (McGuire and Shedlock, 1981; Kiureghian and Ditlevsen, 2009).

In this work, we have used a practical method to incorporate the uncertainties inherent in hazard studies that do not have

a GMPE developed specifically for the study region, as in our case study, called the logic tree method. Its formulation uses

weighting factors assigned to a particular GMPE based on its likelihood (Coppersmith and Youngs, 1986; EPRI, 1987;

National Research Council, 1988). An approach to this method can be incorporated into DSHA (Kramer, 1996; Joshi and

Sharma, 2008), which has an advantage over the classic scheme in that epistemic uncertainty is better addressed (Bommer et

al., 2005; Bommer and Scherbaum, 2008). The logic tree is constructed from a series of branches connected through nodes

from which the computational process twigs according to a possibility or appropriate weighting factors {w'!, based on expert

judgement (Budnitz et al., 1997), depending on the suitability, importance, of a particular GMPE model. Evenafterlarge
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SpeetficallyfTEorthis-wetl-the-compeosition-ofthe logical tree used in this study incorporates a combinations of seven

selected GMPEs tothe estimateion-of the PGA at the site. The weights assigned to each GMPE in the tree are based on their

suitability for different depths of seismic sources. The GMPEs used in this analysis are derived from studies conducted by

IGN-UPM (2017) and Poggi et al. (2020) and take into account the specific rupture mechanisms associated with each source.
Fig. 3b illustrates the use of our logical tree with various MCEs from sources at different depths-efinterestby DSHAin-which

ad K N PN\ / 0 nd Paao
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—The treatment of uncertainties by the logic tree scheme is made mathematically

explicit in the calculation process in the equations to obtain Y, at site P produced by each j-th earthquake source:

Ypj=Zi W'Y,
And also to obtain Y, s at each site P:

Yons =Zi W' Ypns

which includes the effects of the NS seismic sources. The logic tree scheme shown here is used both for the estimation of the

PGA eseequationsare-used-whenthe PGA-estimationat the site-is-based on a single control source, with the most unfavourable
seismic scenario, and forer—where—all-sources—are—inveolved—n the PGA estimation based on all seismogenic sources

withaeeerdingte their particular seismic scenario.;respeetively:

4.4 Geometrie-Ssynthesis of seismogenic zonings

and NAF zonings overlap (Fig.ure 2). The selection of the areal seismogenic sources from each-both zonings zeningZESIS
andNAFE used here for DSHA was made by taking those that; interseeting-with-thestudy-area;-contribute, either by proximity

or by maximum magnitude, to the seismicity of the studied area. The seismic influence area was established within a buffer of
300 km (US NRC, 1997) from the study area (Fig. 45a). Additionally, some seismogenic sources adjacent to the area of seismic
influence were selected, and their effect was quantitatively studied. Their seismic contribution was analysed by comparing the
results ef ground-metion-intensities-obtained from the DSHA efmedels—with-and-witheut-the-use-of with or without these

sources.

Geometrically, tFhe overlapping between seismogenic sources, generatedfromthesynthesisprocess—of bothzenings

sourees;-was treated by means of a topological adjustmenttuning. This operation allowed a geometric adjustment to common
perimeters without overlaps b
used-(Fig. 45b), considering_the seismotectonic features that control their boundaries-theseismetectonic-considerations-that
oot bovadasie nndibatees pelodocd i th oo Lol o seb el soeenle onee s b o ein L LT geismic parameters
of each source;theresult-of the-erigin-zonings;these- have also been considered in the synthesis process-te-ereate-thejoint

oion, as it has been carried out in




similar studies (e.g., was—earried-outin-the zonationsresultingfrom-the IBERFAULT, OPPEL, and SISMOGEN projects-;
{Garcia Mayordomo, 2015)-te—caleulatethe seismie-hazardin-the Iherian Peninsula. Furthermore, the procedure is supported

by recent models for classification and segmentation of tectonic regions using fuzzy logic (Chen et al., 2018). Fhis-medelis

660
(a) CW\ (b)
7 - N /\
l Ve S.LP. / S.LP.
— A L1/
ao. |/ 5 : // /
e 1 Z—— ¢ M.S.  AO. L M.S.
L.
Wi )
N.AF. D N.AF.
D D D Surface sources L-} Deep sources D Study area |
665
Figure 45. Graphical sketch of: (a) Initial schematic distribution of subsurface and deep seismogenic sources around the study area between
the southern Iberian Peninsula (S.I.P.), north Africa (N.AF.), the Atlantic Ocean (A.O.) and the Mediterranean Sea (M.S.), and (b) mapping
resulting from the synthesis and integration of seismogenic source zonation from the previous ones.
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The MCE values; ais the seismic characteristic of each seismogenic source as;are used for DSHA in-the GMPEs-te-estimate
i IS i i i ite. Therefore-Tthe estimation of the MCE-in

a—SHA becomes indispensable as it reflects the maximum energy capacity for a particular seismic source area that can be

released in an earthquake. In practice,

level ofinformationavailable—Usually the MCE isdees not necessarilyeerrespond-to the largest magmtude earthquake on the
nearest major fault. When-there-is-insufficient geological information _is lacking, the MCE is estimated by slightly increasing

the historical maximum, usuallye-g--by one degree in intensity or half a degree in magnitude.; However.although this

d]ustmen Spesanas depends on the seismic potential of the Marea{—as—Peggn—et—al—%Q%@—ha%ée&%m—NAF—) hesposied
Tthe maximum credibleexpeeted
MCE or magnitude of a seismicthat source is considered to be the upper limit, assuming that no seuree-willeause-an-earthquake
generated by that source will exceed this efmagnitude-greater-than-this (Joshi and Sharma, 2008). Therefore, the values of the

MCE:s used in this work for each source resulting from the synthesis have been extracted from the ZESIS (MM« in Table 10;
IGN-UPM, 2017) and NAF (Mmax in Table 7; Poggi et al., 2020) zonings. Although MMuax and My are very similar values

or for many sources the same, in others they present slight differences, so MCE = max {MM max, M™*} has been taken.

4.5 DSHA calculation specifications
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Algorithms to compute a DSHA method have been implemented in varied ways and computer languages (i.e.,

Ramkrishnan et al., 2021, in MATLAB:; Huang and Wang (2012), in IgorPro; Wang et al. (2012), in VBA-Excel). Given some

of these codes are open-source available it eases the process of including further improvements. In this paper we have used the

open-source code by Wang et al. (2012) modifying it to incorporate our selection of GMPEs and the account for the logical

tree_scheme to weights them. This is aiming at considering the relative 3D distances, from a site placed on the DTM

(disregarding the curvature of the earth for the dimension of the study area), involved in the formulation of each GMPE. Hence

Ry, Ryg, and R.y, must be reformulated for their correct calculation (using classic Haversine approximations; Gunawan and

Prakoso, 2017).To account for uncertainty in ground motion models, the calculus for each site has evaluated, additionally to
the 50%.-this-article-has-evaluated the effect on DSHA by choosing two values of 16% and 2% of the desired exceedance

probability above the mean PRexea=P1[ Y>ymax/M,R], for a seismic scenario. In DSHA, the 84th percentile movement to one
standard deviation above the mean is usually adopted (Bommer, 2003), instead of the 50th percentile (mean movement). The
98th percentile has also been obtained corresponding to the probability of exceedance-prebabitity Pr[ Y <=yma/M,R]-in-addition
to-the-usual 50%-or- mean-movement-of the-ground. Last, we consider the DSHA for a specific exceedance probability as the

scenario in which all seismic sources contribute (maximum Y distribution in Eq. (5)) and with a logic tree approach (unlike

the one used by Wang and Huang (2014), which only work with one GMPE) solving the nonlinear Eq. (7): by means of a

numerical Bisection method (halving, binary search, dichotomy or Bolzano method, Atkinson, 1991; Siili and Mayers, 2003).
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Since this process must be repeated at each site where the hazard is estimated and, in this case, for each GMPE, the convergence

characteristics of this algorithm allow it to be repeated for a total of 100 iterations, which are sufficient to achieve an admissible

error |Xo - X*| in the root X* solution of the Eq. (7)eguation (Burden et al., 2015).:

variables{e-gRrup-or Ry)—Typically, the DSHA is plannimetric, and 2D _relative soure-site distances are evaluated on a

horizontal plane. The results obtained with the DSHA method with different exceedance probabilities, as implemented in this

work, may be significantly affected by the incorporation of the DTM, as some of the GMPEs use a 3D distance metric in their

set of independent variables (e.g., Rnyp or Ry)a

thesetof GMPEsto-evaluate-the seismic-aceeleration-of the PGA-terrain. Likewise, the GMPEs used here incorporate certain

rupture type particularities-that-are-apphied-accordingto-the-type-efrupture, so that the result of considering the same style in
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all the sources may give rise to unequal-disparate results than if the specific predominant style of each source is used. n-order
£To assess the sensitivity of the results to the effect of using the DTM and incorporating the information of the rupture style in

each source, a descriptive statistical study has been carried out with parametric and nonparametric probabilistic methods on

the resulting PGA maps and their absolute differences, with one or all seismic scenarios are used to evaluate PGA. With-the

Fhe-guality-of Tthe PGA maps, obtained by DSHA withineerporatingthe DTM and the-typelogy—ofthe breakdownof

each—source_rupture style, haves been benchmarked in assessed—through two ways.comparison—eriteria- First.}) tThe
geographical distribution of PGA values (g) with that obtained and published in four PGA maps (EHSM13-SHARE: Woessner

et al. (2015); zoned PSHA: IGN-UPM (2017); unzoned PSHA: Crespo et al. (2014); and NAF zoned PSHA: Poggi et al.
(2020)) that partially cover the study area. And second.2) c€omparing the 50% percentileaverase PGA values{50% pereentile}
obtained from the calculation with the model presented here in nine cities (Fig. 56a) uniformby-distributed-throughoutthe stady
area-aned-for which-six previous studlesmepﬂbhshed—eheﬂ—eaieul-a{ed—val&es (Table 3+4). ef—thePGA—ha%a#d—éGPespe%t—aJ—

Table 3+: Estimated PGA values (in g) presented from various authors (Annex VI in IGN-UPM (2017), NAF (Poggi et al.
2020), EHSM13-SHARE (Woessner et al., 2015), Crespo et al. (2014), Rivas Medina (2014) and CIMNE (Salgado Galvez et
al., 2015)) in each city used to control the results obtained from the DSHA calculation in the study area.

Main . EHSM13 Rivas

Region City Lat. Long. IGN-UPM NAF SHARE Crespo Medina CIMNE
Cadiz  36.533  -6.295 0.11 - 0.10 - - -
Mélaga 36.717 -4.424 0.16 - 0.11 - 0.20 -

SI‘t’)u“?em Almeria  36.836 -2.464 0.19 - 0.13 - 0.30 -

crian

Peninsula  Huelva  37.267  -6.950 0.12 - 0.13 0.11 - -
Granada 37.183 -3.583 0.23 - 0.17 0.30 0.30 0.19
Alicante 38.200 -0.483 0.18 - 0.11 0.22 0.25 -
Tanger 35.791 -5.829 - 0.18 - - - -

North Melilla 35294 -2.936 - 0.24 - - - -

Africa
Oran  35.708 -0.637 - 0.32 - - - -
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5. Results

5.1 Seismic zonation

sourees-was-generated;- L he synthesis andefthe integration of the deseribed ZESIS and NAF catalogues over the geographical

area in which they overlap within the study area has resulted in a 36 zones medels—FEor-this-newzonation; 39-seismogenie
sources-were-mitialhy-considered;-of which 35-were-these that formed the-final zonation used in this work (Fig. 56b to d, and

Table 4). This-aew zoning incorporates the sources from the NAF to the south and the ZESIS sources within and surrounding

the study area. The ZESIS sources to the north (9 to 12, Fig. 2aFable-1), on the Iberian crust, have been discarded because of
their-deep-(about30-km)-and low influence at the distances marked by the 300 km buffer around it. The constructed catalogue

contains, in addition to the geometry of each source, its seismic parameters necessary for the DSHA calculation (Table 4)four

sympathetieintensity. The depths at which these sources are located vary between 20 and 36 km (Fig. 56b). The seismic
characteristics derived from the ASCR seismogenic sources have ma*mn—magm&&ées—(MCE magnitudes) ranging from 6.2
to 8.9 (Fig. 56c¢)
instrimental-seismieity. The predominant rupture mechanism is inverse in the band from the Gulf of Cadiz towards the

Algerian Mediterranean coast, passing through the southern Rif and running parallel to the Atlas chain (Fig. 56d), which is the
characteristic rupture mode in areas of plate collision where large compressive stresses act, as in the case of our study region.
This mechanism reorganises in the form of shearing towards the Alboran Sea basin and the coastal area of the Iberian Peninsula

and towards the interior of the Iberian Peninsula it becomes more extensive with a normal structure. The four deep sources

located in the south and southwest of the Iberian Peninsula (between 40 and 65 km depth) were initially discarded, as they are

rejected in the DSHA method when compared, in the search for the maximum PGA, with the seismic scenario of the rest of

the ASCR sources at shallower depths.
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Figure 56. (a) M

and control cities (coloured crosses)-

Calculation sitespeints (black)

. Synthesis of the seismogenic source

zonation considered in this work for DSHA evaluation on each (a) point, in both South Iberia and North Africa regions and the seismic

andparameters geographical distribution parameters -(Table 44) used in GMNAFI model for DSHA estimation: (b) depth (km), (c) magnitude

of maximummaximum credibleensidered earthquake (MCE), and (d) main rupture mechanismede for each seismogenic source.
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880 Table 42: SBeremination-ofthe-seismogenic sources and their seismicieity parameters extracted from ZESIS (IGN-UPM,
2017) and NAF (Poggi et al., 2020) zoning models, used for the construction of the synthesis seismogenic model with which
the DSHA has been calculated in the study area. The averagemean —value MM, srean, standard deviation osMM, —and
minimum MMp,, —and maximum_ MM, truncation limitsMMmax; are parameters of the maximum magnitude (MCE)

distribution. MM — Maximum magnitude.

. . Source  Rupture Depth MCE Distribution
Main Region No. Id. Mechanism (km)

to <MMﬂgma*> cMM MMﬂ*min MMmgéx

13 Strike-slip 31 6.5 0.2 6.0 6.9

28 Strike-slip 31 6.7 0.2 6.3 6.9

29 Normal 31 6.6 04 6.2 6.9

30 Normal 33 5.0 0.4 4.6 6.3

31 Normal 25 6.6 0.4 6.5 7.1

33 Strike-slip 30 5.8 0.4 5.4 6.4

34 Strike-slip 30 6.6 0.3 6.3 7.0

35 Normal 33 6.8 0.3 6.5 7.1

36 Normal 36 6.6 0.4 6.2 7.0

37 Strike-slip 32 6.8 0.2 5.4 7.0

38 Strike-slip 24 6.7 0.2 6.5 6.9

39 Strike-slip 22 6.7 0.1 4.9 6.9

40 Strike-slip 17 6.5 0.3 6.0 6.8

41 Strike-slip 17 6.5 0.4 4.7 6.9

Southern Iberian 42 chverse. 30 6.8 0.3 6.5 7.1

Peninsula 43 Str%ke—shp 25 7.0 0.2 6.2 7.3

ZESIS 44 Strike-slip 24 6.4 0.4 6.0 7.4

45 Reverse 26 7.3 0.5 6.8 7.9

46 Reverse 26 7.5 0.3 7.2 7.9

47 Reverse 26 7.6 04 7.3 8.1

48 Reverse 26 6.8 0.1 6.6 7.1

49 Strike-slip 24 6.0 0.1 5.9 6.2

50 Reverse 26 8.7 0.2 8.5 8.9

51 Reverse 23 6.8 0.3 6.6 7.1

52 Reverse 23 6.4 0.2 6.2 7.1

53 Reverse 24 5.7 0.2 5.5 7.0

54 Reverse 24 6.9 04 6.5 7.3

55 Strike-slip 25 6.7 0.3 6.6 7.4

9 Reverse 26 6.8 0.3 6.5 7.2

10 Reverse 31 6.3 0.3 5.7 6.8

11 Reverse 30 6.1 0.2 59 6.3

12 Strike-slip 31 5.1 0.3 4.9 6.4

3 Reverse 22 6.7 0.5 - 7.2

4 Reverse 22 52 0.5 - 5.7

. 5 Reverse 22 6.4 0.5 - 6.9

No“;; :Ff“ca 6 Reverse 22 5.3 0.5 ; 5.8

7 Reverse 22 55 0.5 - 6.0

8 Reverse 22 5.8 0.5 - 6.3

9 Reverse 22 5.61 0.5 - 6.11
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5.2 Seismic hazard maps, sensitivity and quality

The PGA{g)-seismic hazard maps of PGA obtained (Fig. 6)-ferthe MCE, considering the-maximus control scenario in
each of the 3.8544.143 sites onpeints-used-to-ebtain the map (Fig. 5a), have been obtained from several cases of input data: (i)

Wswithout using the DTM, assigning 0 m coordinate attakine each point of the map.-at0-m-elevation and the ASCR seismogenic
sources with a the samea-single rupture mechanism for all (inverse, as the most frequent, Table 4.to-tearforall-ofthem«(Fig.
67a). (i) Without using the DTM (Fig. 6b), but and-assigning to each source its particular rupture mechanism (Table 4+)(Fig-
7by.- (ii1) With DTM (Fig. 1) and with the inverse rupture mechanism for all sources (Fig. 6d). And (iv) with DTM and the

specific rupture mechanism for each source (Fig. 6¢).The maximum-ealeutated PGA values obtained are close to 0.83 g in both
cases (PGA(O,reverse) and PGA(0,RM) in Fig. 67c), whilealthough the 75th, 50th and 25th percentiles are somewhat lower,
in the-ease-of-the-latter case assigning each source its particular rupture style, with a meanPGA(PGAsp) of about 0.347 g for
bothesseaaspaead b 0200 = However,+—2ashpaiaonasmas-rsosionad i eopear sondine slaceiiog o i
the GEBCO DTM to the three-dimensional location for each calculation site(Fig—H), the PGAmaps-obtained-(Fig—7d-and-7e)
show very modest relief influence (Fig. 6d and 6¢). PGAand-have values shightly-higherthan-the two-previous-ones-without
DBIFM-of 1.1 g in both cases (PGA(H,reverse) and PGA(H,RM) in Fig. 67c); are slightly higher than the two previous one
without DTM (Fig. 6a and b), although they do show higher percentile values than the two previous cases_(Fig. 6¢).;-with-an

Tn-thefourecasespresented;tThe highest PGA values are located oin the Gorringe submarine relief up to the Horseshoe

plain_in all four tested cases. These abussal; areas are affected by sources 50 and 52, withef moderate to strong seismicity,

which produces and-valaes-in-therange-of the PGA-distribution outliers in the area, approximately 0.6 g to 0.85 g without
DTM and within the values of 0.65 g to 1.1 g with DTM. To the west, the sequence of sources 44 to 47 of moderate seismicity

in the Algerian coastal zone in the area of the Arzew faults show values of 0.46 to 0.51 g without DTM, and 0.47 g to 0.54
with DTM. In the case of using a single rupture style, the PGA values show a smooth transition from N to S in the Alboran
Sea basin area (Fig. 67a and 7d), however, when the style specific to each source is applied, this transition is more abrupt (Fig.

67b and e).

The-behaviourat three points in-theregion-(A, B, and C in Fig. 67a) ) have been selected within the study area to analyse

locally in detail the effect of DTM and PGA produced by the surrounding sources according to their relative distance.;They

are located in areas with different seismic conditions=e#ne in the Gorringe plainarea{1+0"W-36°Ny -ene in the Gibraltar Arc
W.-36°N), and ene-in the Algerian coastal area.(0°E;36°N)—versus-the-effeets—of incorporating-the DPTM-in-the

i 5 iabilityin Ttheir elevation has varied;-evaluated from 1,000 m above sea level
to 4,000 m depth to calculate the PGA on each (Fig. 7a). AtThe point A, the PGA everthe-Gorringe-areasuffers-an increase of
up to 17.5% between the resultPGA obtained if A were at 0 m (0.8328 g) and that-which-weould-be-obtained if Athepoint were
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at -4.000 m depth (0.976 g). This increase is reduced to 12.1% for the point Cin-the-Alserian-area, and in Bthe-Gibraltar Are

area it is reduced to 10.1%. The effect on the three points can be recognised for all sources within 100 km (Fig. 7b) of relative

distance R. There are four relevant sources affecting point A (circles), four for point B (squares) and three for point C

920 (diamonds), whose PGA are higher than 0.1 g. However, for distances greater than 100 km, there is no difference between

using or not using the DTM in the calculation. By observing that the red symbols of A, B and C are superimposed on the blue

symbols in Fig. 7b. the PGA values obtained with and without DTM at distances greater than 100 km are very similar and less

than 0.1 g. Fhe
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Figure 67. PGA maps_from DSHA: (in-g)-ebtained-with-the DSHA-method-in-this-werk:-(a) without DTM and considering only a reverse
focal mechanism in all seismogenic sources. Probe points A (10°W, 36°N), B (5°W. 36°N), and C (0°E, 36°N! used for sampling PGA
map results::: (b) without DTM and considering a source-specific average focal mechanism (Table 42)::

935

and e. Center line represents the mean value.

m%%%%%%%%ﬁ%g%wmﬂq— -The sample outliers are represented by dot symbols; —PGA
maps-(in-g)-form DSHA(d) with DTM (Fig.ure 1) and considering a reverse rupture foeal-mechanism in all seismogenic sources; (e) with

DTM (Fig.ure 1) and considering a source-specific average rupturefoeal mechanism (Table 42).
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show that, regardless

of whether DTM is used or not (Fig. 8a), the highestmestimpertant differences between assigning or not a predominant rupture

mechanism isin-the-whele-area-or-the-speeific-one-in-each-seismogenie souree-are less than 0. 2 g (Fig. 89¢). Geograpgically,

tFhe positive increases observed over the reference values calculated without using the DTM (red tones) are areas of the map

whose depth is closer to the source, being more intense in the abyssal plainsdeeper-eceaniezones. So, generallyla-etherwords,
in the-areas-of the submarine arcasdemain, the PGA values obtained are higher if the DTM is used;-beinethe-hichestinthe

areas-with-the highest PGA~valaes (e.g., Gorringe, Horseshoe and Coral Patch areas). The differences are negative (blue shades)
in the subaerialrfaced areas, although lower than the positive ones (they are below 0.01 g) i.c..shew-that the PGA value obtained

using the DTM is lower than that obtained without using it. The differences between using a common rupture mechanism

according to the predominant one and the specific one of each source do not exceed 0.08 g (Fig. 89b: PGA(0,reverse)-

PGA(0,RM) and Fig. 89d: PGA(H,reverse)-PGA(H,RM), being-nult-the-difference-intheareas-where-the-speeific mechanism
coineides-with-the reverse-one-used-and-highlighting the difference of 0.7 to 0.8 g in the extensional rupture zones (NE of the
Betic) and with a moderate difference of 0.05 to 0.07 g in the rifting zones distributed in the Alboran basin and East of the Rif.
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The results obtained for PGA (g) in the nine selected point-cities (Table 3+) show variations according to the-parameters
specified_information—fer—thet e aen—the s enbo e meinee e e v b e oD e (DTM_and ruplure
mechanism) for their PGA-n-the calculation (columns DSHA' to DSHA* in Table 53). Some cities show relevant impertant

variations-between-the-differentealenlation-options-of up to 31% in Granada, while others show no variation in the calculated
PGA, such as Huelva or Oraan, although most of them are between 20.8% in Malaga and 23% in Almeriia. The-values-obtained

Table 53: Estimation of PGA (g) at bedrock level by DSHA at each control city and according to the test cases-censidered-in
this-work:, DSHA! result-without bathymetric DTMbathymetry and considering a single reverse rupture mechanism equal for
all seismogenic sources:. DSHA? result without bathymetrie DTMbathymetry and considering a source-specific rupture
mechanism (Table 4);). DSHA? result-with bathymetrie DTMbathymetry and considering a reverse rupture mechanism in all
seismogenic sources;. DSHA* result-with bathymetric DTMbathymetry and considering a source-specific rupture mechanism
(Table 4):). DSHAs4® 84th percentile with bathymetrie DTMbathymetry and considering a source-specific rupture mechanism
(Table 4);). DSHAs® 98th percentile with bathymetrie DPTMbathymetry and considering a source-specific rupture mechanism
(Table 4)—eotamns). Columns 7 to 9 are the same as 4 to 6, but using the control and all non-control sources (NS).

Main ) . , R . . s DSHA” DSHAs® DSHAs®
Region City ~DSHA' DSHA? DSHA® DSHA' DSHAs® DSHAw® ‘(0 JLNS JLNS

Cadiz 0.27 0.22 0.27 0.23 0.43 0.82 0.59 0.79 1.26

Milaga  0.29 0.24 0.29 0.24 0.46 0.87 0.50 0.48 1.08
Southern Almeria  0.32 0.26 0.32 0.27 0.52 1.01 0.61 0.83 1.33
Iberian  py 1va 0.3 0.3 0.3 0.3 0.57 1.10 0.58 0.81 1.31
Peninsula

Granada  0.29 0.22 0.29 0.22 0.41 0.78 0.49 0.64 0.99

Alicante 038 0.31 0.38 0.31 0.59 1.15 0.59 0.81 1.31

Ténger  0.22 0.18 0.22 0.18 0.34 0.65 0.47 0.63 0.99
North  Melilla  0.39 0.32 0.39 0.32 0.61 1.18 0.56 0.79 1.31
Africa

Orén 0.47 0.47 0.47 0.47 0.90 1.74 0.59 0.92 1.75
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values in the region, compared to the distributions partially-distributiens covered by previous work (Fig. 910) are very similar
to_those-that obtained in this work. Although it is not the purpose of this paper to discuss the compatibility, lateral, and
comparative continuity of the presented maps, it is possible to appreciate some differences between them. However, there is a
good fit, both regionally as a whole and locally in specific zones, of the results obtained-the-isovalueeurvesextracted from-the
case-where the DSHA-is—ealeulated with-the DTM and-the source-specific rupture mechanismede with (Fig—7e)-pletted-on
each-efthe PGA maps obtained by zoned (Fig. 946a, b and d) and non-zoned (Fig. 9+6c) PSHA probabilistic methods-fitbeth

tons. Theis best fit areis found in areas with high
PGA values: Gorringe, Horseshoe and Coral Patch to the west, Atlas Mountains and Algerian coast to the southeast, and the
Betic mountain range from Mazalaga to Alicante to the north; as well as in the areas with lower values in the Alboran Sea basin

to the east and south of the Gulf of Caadiz.
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Figure 910. Available PGA (g) maps used in this work for calibrate the results on SHA. South Iberia regioén PGA map in g from zoned
PSHA (a) modified from EHSM13-SHARE (Woessner et al. {2015), (b) modified from UPM-IGN (2017), (¢) from un-zoned PSHA modified
from Crespo et al. (2014), and (d) North Africa region PGA map in g from zoned PSHA modified from Poggi et al. (2020).
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5.3 Hazard assessment with exceedance rates and cumulative effect of sources

seenario-being-assessed—The PGA-(g) maps-ebtained using DTM and the rupture mechanism on each source, for the 16% and

2% exceedance probability-values associated-with-cach-of them;-corresponding to-the 84%-and-98% percentiles; respe

of PGA (PGAgs and PGAog percentiles, Fig. 10+a and b, respectively) associated with the GMPEs uncertainties, show a

geographical distribution of the maximum values over the Atlantic areas of Gorringe, Horseshoe and Coral Patch, and off the
Algerian coast in the area of the Mediterranean Alboran basin. As in the 50% PGA percentile (or PGAso), they are similar-in
beth-eases-of exceedancerates;correspending to the areas of highest seismogenic potential. The PGA maximum values (Fig.
10+c), reach 2 g (maximum at 2.07 g) for PGAgs exceedable by 16% of the-eases, with an interquartile range between 0.34 and
0.69 g, with a mean of 0.60 g-(PGAHRM;84)-0rPGAs), and up to 4 g (maximum at 4.26 g) for PGAog with a mean of 1.17
g in a range between 0.66 and 1.33 g.; u Ll s Fheretoreconsidering

A 1o n-an 1nereace o 029/ and Q0/ £ he nrabah O
H A a o—a o

267% ; corthe fi e 6f PG A+, and PGA, vely. o o . . .
and-PGAg-distributions: The multimodal frequency distribution efal-thesevalaes (Fig. 10+d) of PGAso, PGAgs_and PGAog

percentiles mapped values preserves the shape inas the cumulative distribution functions. There areshew,—maintaining—a

aumber-of three major frequency maxima and smaller but higher PGA values mainly located over the outlier set of the Box-

in the distribution functions, for each PGA percentiles, shift to higher PGA values as a lower exceedance rate is considered,

with an increase in dispersion around each mode. The entire distribution of PGA values on the maps computed with Eq. (7)

has been stretched to higher PGAs. Most of the distribution, comprised of the second and third quartiles, rises in the diagram

(Fig. 10d) with the interquartile range of the values remaining almost the same without considering all sources. Although the

shape of these distribution functions is preserved, they are slightly shifted towards higher values of the PGA. Even the minima

of the PGA for the three PGA percentiles have increased, as seen in the small shift to the right of the cumulative frequency

distribution curves (Fig. 10d).
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Using the same input data as for the previousd-5--0-1+6-and-0-02 exceedance probabilities maps.three new maps have been
obtained solvingsh i i b

aad it peresnitlon DO L P I apd DO D B b and Loes (he 0

a substantial increase in seismic hazard is observed at all points in the study region_due to the overall seismic contribution from

1+3e)-This geographical distribution reflects the joint nature of the effect of the sources when evaluating the DSHA, increasing
by more than 155% in cities such as Cadiz (by 156%) or Tanger (by 161%) for their average GMPEs of 0.59 g and 0.47 g,

respectively, when considering all sources in addition to the control source (Table 53, column DSHA” all NS), compared to

their average PGA values considering only the control source in the calculation of the DSHA with DTM and a particular

rupture mechanism (Table 53, column DSHA#).

the increase in their hazard values when including all random sources (Table 53, columns DSHA”, DSHAg4%, and DSHAs” all

NS) against the comparison PGA averages is between the extreme values indicated, according to the evaluated AMP percentile.

An overview of the statistical quartile of the increase in the distribution of the PGA-mapped values distributed over the
study area can be seen in the Box-Whisker graph (Fig. 113d) and the cumulative frequency distributions for the mean and the
84th and 98th percentiles (Fig. 11e), compared to the corresponding ones obtained in the DSHA study evaluated with the
control source alone (Fig. 10+c and +1+d). The entire distribution of PGA values has increased. Although the maximum values
are almost similar, most of the distribution, comprised of the second and third quartiles, rises in the diagram (Fig. 113d) with
the interquartile range of the values remaining almost the same without considering all sources. Even the minima of the PGA

for the three evaluated percentiles of the PGA have increased, as seen in the small shift to the right of the cumulative frequency
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1|O95 distribution curves (Fig. 113¢) which is as much as 470%, for example, between PGA(H,RM) with a minimum of 0.03 g and
PGA(H,RM,NS) with 0.17 g, although these distribution functions preserve their shape in terms of the small jumps they
present, they are slightly shifted towards higher values of the PGA.
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6. Discussion

the—variation-of theseparametersAlthough —mMost seismic hazard analysis studies worldwide are presentedearried-outen
emerged-lands (e.g.,.., ESHM?20 from Danciu et al., 2021) in emerged terrain, the zonings incorporated in the computational

models can be used, after an appropriate synthesis and integration process in the areas where they overlap, for seismically

active underwater areas-Gia

conservativesafety. In additionHewever, as—in the relativeease—of underwaterareas;—the distance fromte the source_to the

calculation sites is one of the most relevanta factors-that, analyses are more conservative if a DTM is includediftreated-in-the

is-this-defeet-being more noticeable in abyssal activethe-deeper zonesareas. On the other hand, the use of the characterisation

of the predominant rupture mechanismede in each seismogenic zone is preferable to using a homogeneous global style for the

whole study area to avoid uniformising the deformation-tectonic stress regime over the entire area. It is preferable to

characterize the rupture mechanism specific to each seismogenic zone instead of applying a uniform style to the entire study

area, as this avoids homogenizing the deformation-tectonic stress regimeAs—theraptareregime—of eachsouree—enters—the

e NMPH h on<ide d oran
d d

on-proece hrouneh-e h MPE 1n tho raetureo he
0 a v 4

LR | .
using-a-DTM oin the analysis isealeulation-efthe PSHA-are more significantimpertant inthe highlyerthe seismic arcasaetivity,
whereas the impact altheugh-the-contribution-to-these-differences is-practically negligible for sources overthat-are-mere-than
100 km away. TH-is—preeisely—in—these—areas—that-the differences between incorponratsidering—the local seismogenic
characteristics frompeeuliaritiesspeeified—in the constructed catalogue and using athe DTM are most pronounced in these

distant regionsgreatest.Regarding—the PGA-—map-obtained-with—the-DINM-and-cach-sourcc—with-its—rupture-meode—tor—an
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Seismic hazard analysis carried out in emerged terrain is useful to provide SHA for underwater areas. Including a DTM

although negligible for emerged land, is relevant for submerged zones and most noticeable in abyssal active zones. On the

other hand, using rupture mechanism in seismic zones is preferable to using a homogeneous global style. The differences

between incorporating local seismogenic characteristics from the constructed catalogue and using a DTM are most pronounced

in these distant regions.

The geographical distribution re

and-Arzew FaultsAlgerian—zone,—in-the Mediterranean), minimum and intermediate PGA values_in SHA from previous

published studies with probabilisticis-similar-to-that ebtained-in-this-workwith DSHA despite-the maps-obtained-with PSHA

methods_and partially covering our study area is very similar to the results obtained in this work with DSHA. This similarity
holds true despite using different zonation methods (such as UPM-IGN 2017;-and Poggi et al. 2020), with-a-differentzonation

Weessner-etal2015)-or -with-anon-zoned approachesmethod (like Crespo et al. 2014).

and-theiractivityisnetavailable forarobustestimation—Althoughsas Reiter (1990) points out, the DSHA does not contemplate

the inherent uncertainty in the estimation of seismic hazardrisk, since the frequency of occurrence and magnitudes are is-not

explicitly_considered

addressed. So. aA less accurate version,-but-ene-thatatthe same-time distributinges the uncertainty due to randomness in the

attenuation functions over a large region, is preferable, even though it provides larger values in this work.; Tthese PGA values

can be used as an upper bound of those that can be achieved, for different exceedance probabilities, such as those applied in

this work of 0.16 and 0.02, rather than working with more precise, but less accurate, -PGAswvalues.
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For industrial facilities of important socioeconomic position, where failure consequences are unsustainable, it is suggested to
use the new DSHA to include the seismic hazard from non-controlling sources #-erder-to ensure that the design is as safe as
possible. :-Ceonversely, the conventional DSHA might be suitable for non-critical building or structure designs. In SimHarky
for-the study of landslide-triggering hazard that can cause a tsunamis, it is important to consideralse-relevant-to-inehade all
sources, preferably at the point event, noted by Collico et al. (2020). (Celico-etal;2020Furthermore, it is crucial to utilize }
and-to-use-the entire PGA map whente applying slope stability methods based on different models, as highlighted-(\Wanget

al5—202+ Wang et al. (2021).} to avoidsinee underestimating the amplitude of the tsunamigenic source, that can have

catastrophic consequences fores the affected coastline. Therefore. to ensure accurate assessments and appropriate -#reaches;

se-in-ordernotto-underestimate-the-effeetsand-thus-the-mitigation measures, it is recommendedadvisable to accounthave foran

upper bound -en-the-uncertainties, as emphasized by {Zengaffinen-Morris et al. (+-2022).

THewever—the decision for the SHA method is based on its suitability for assessing earthquake hazards-net-because-the
selected-methed-is-more-seientific-than-anether, assinee earthquakes are inherently random and unpredictable. It is important

to acknowledge thatand hazard estimates cannot be fullyarenet verified due to the nature os seismic eventsable -(Musson

2012a, b; Wang 2012). Therefore, the use of DSHA which include the seismic hazard from all sources could be recommended

for industrial critical facilities of socioeconomic relevance. Likewise, since underestimating the amplitude of the tsunami wave

can have catastrophic consequences on the reached coastline, in the study of earthquake-triggered landslide hazard, it is also

relevant to include all sources to produce a conservative PGA map with which to apply slope stability methods (Wang et al.,

2021) and evaluate maximum upper bound of displaced water volumes. Fhre PSHA forexampleis-questionedforitsimperfeet

a ataal nd nre o m e no nd avaatal > K oe ANMoaoreo e-o
O a t d a asStd d t V1O OV

7. Conclusions

The assessmentpredietion of tsunamigenic sources, both seismic and co-seismic submarine landslides, has become a
controversial topic of current scientific and technical interest in the context of recent tsunamis. Under these circumstances,
seismic hazard analysis in marine areas should become a best practice for assessing coastal tsunami hazard-in-erder -to develop
effective_coastal inundation prevention and mitigation programmes. However,—even the analysis of seismic hazard in
underwater areas is subject to debate. . One reason is that it is typically excluded from due-net-enlyto-thefaet thatitisusually
netshown-en-national seismic hazard maps asbeeause it is -ofnot relevant unless there arcinterestin-the-absenee-of structures
affectedresting-on-the-ground-shaken by the earthquake. Additionally, ;-there are concerns about the applicability of but-alse

beeause-ofits possible shorteomingsusing-standard methodologies for assessing seismic hazard in underwater regions. Among
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these, DSHA also faces this problem. The use of the 50th percentile motion (PGAs() may be insufficient when field evidence
indicates that actual seismic motions can sometimes be two (PGAgs) or even three standard deviations_(PGAog) above the

central value, which could lead to seafloor dislocation or a landslide large enough to generate a tsunami.

The results have shown that if the influence of several relevant sources is not fully addressed in the DSHA analysis, it may
result in an inadequate SHA, especially when there are numerous sources around the analysed site. InTherefore; this study we

have applied-introduees-a DSHA framework that could arbitrarily consider the s-nen-controlling seismic sources and non-

controlling seismic sources using extreme likelihood theory to SHA. With this method applied to a submarine region and
considering the DTM of bathymetries, a hazard map is presented for the Ibero-Maghrebian region, comprised between the
western edge of the Gulf of Caadiz and the eastern Mediterranean boundary of the Alboran basin, considering 365 seismogenic
sources with their seismic parameters, rupture mode and depth. Compared to the original DHSA, a substantial increase in the
intensity of seismic motion is observed, especially at locations close to the confluence of seismic source zones. This
acceleration increases as a lower random uncertainty exceedance probability is used. Therefore, this method based on DSHA
is suggested to be preliminarily applied in submarine areas, to evaluate the genesis of tsunamis by strong motions triggering
possible large tsunamigenic landslides, making the hazard assessment as safe as possible with the seismic risks provided by

each of the seismic sources.
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