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22 e These earthquakes have the potential to generate significant tsunami waves
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Abstract

The westernmost Mediterranean hosts part of the plate boundary between the European and
African tectonic plates. Based on the scattered instrumental seismicity, this boundary has been
traditionally interpreted as a wide zone of diffuse deformation. However, recent seismic images
and seafloor mapping studies support that most of the plate convergence may be accommodated
in a few tectonic structures, rather than in a broad region. Historical earthquakes with
magnitudes My>6 and historical tsunamis support that the low-to-moderate instrumental
seismicity might also have led to underestimation of the seismogenic and tsunamigenic
potential of the area. We evaluate the largest active faults of the westernmost Mediterranean:
the reverse Alboran Ridge, and the strike-slip Carboneras, Yusuf and Al-Idrissi fault systems.
For the first time, we use a dense grid of modern seismic data to characterize the entire
dimensions of the main fault systems, accurately describe the geometry of these structures and
estimate their seismic source parameters. Tsunami scenarios have been tested based on 3D-
surfaces and seismic source parameters, using both uniform and heterogeneous slip
distributions. The comparison of our results with previous studies, based on limited information
on the fault geometry and kinematics, indicates that accurate fault geometries and
heterogeneous slip distributions are needed to properly assess the seismic and tsunamigenic
potential in this area. Based on fault scaling relations, the four fault systems have a large
seismogenic potential, being able to generate earthquakes with Mw>7. The reverse Alboran
Ridge Fault System has the largest tsunamigenic potential, being able to generate a tsunami

wave amplitude greater than 3 m in front of the coasts of Southern Spain and Northern Africa.

Keywords: western Mediterranean, seismogenic potential, tsunamigenic potential, numerical

modelling, active faults, active seismic data.
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1. Introduction

The contact between the European and African tectonic plates along the westernmost
Mediterranean is traditionally described as a zone of diffuse deformation with no major plate-
boundary fault (Buforn et al., 2004; De Larouziére et al., 1988; Palano et al., 2015). This model
is based on the instrumentally-recorded seismicity, which scatters across a broad region (Fig.
1). The diffuse plate boundary model infers a ~400-km-wide region of deformation, where
numerous faults accommodate convergence between Africa and Europe, and each fault
contributes with a comparatively minor amount of slip (e.g., Buforn et al., 2004; Palano et al.,
2015). This myriad of modest tectonic structures implies a relatively moderate seismic and
tsunami hazard (e.g., Giardini et al., 2014; Basili et al., 2021). Although instrumental seismicity
is of moderate magnitude (e.g. IGN seismic catalogue, Stich et al., 2003), there are historical
earthquakes inferred to have magnitudes My >6 (Fig. 1, Table 1) (IGN, 2013; Mezcua et al.,
2004; Palano et al., 2015). These events have long recurrence periods (>1000 years) and
involve seismic and tsunami hazards for the region that cannot be characterized only through
the instrumental records (<100 years) (Gracia et al., 2012, 2006). A major issue is that these
large historical earthquakes have poorly-defined sources that still are under debate (Fig. 1,
Table 1) (Kaabouben et al., 2009; Maramai et al., 2014), but associated tsunamis whose effects
have been described along the South Iberian and North African coastal areas. An improved
characterization of the local faults is necessary to provide better inputs for local hazard

estimates for the densely populated coastal areas of the region.

The Alboran region is the westernmost portion of the Mediterranean realm that was formed
during the Miocene by processes related to the evolution of a subduction system (e.g., Chertova
etal., 2014; Wortel and Spakman, 2000). While the extensional Miocene history of the Alboran
Basin is controlled by the slab roll-back and the migration of the subduction front, the Plio-

Holocene history (<5.3 Ma) has been governed by the tectonic reactivation of the inherited
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lithospheric structure in a new plate convergence setting, which remains active today (Gomez
de la Pefia et al., 2021, 2018). Thus, towards the end of the Messinian (7.2 — 5.3 Ma), the stress
framework in the basin changed from an extensional regime to a compressional setting (Gémez
de la Pefia et al., 2021). However, the Plio-Holocene contractional reorganization of the basin
is not pervasively affecting the whole area (e.g., Gomez de la Pefia et al., 2021, 2018; Gracia
etal., 2019). Instead, significant deformation is concentrated on a few major tectonic structures:
the reverse Alboran Ridge (ARFS) and the strike-slip Carboneras (CFS), Yusuf (YFS) and Al-
Idrissi (AIFS) fault systems (Fig. 1, Gomez de la Pefia, 2017; Gracia et al., 2019; Moreno et
al., 2017). The location of these >100 km long active faults seems to be conditioned by the
lithospheric structure inherited from the basin formation processes, as they have developed at
the boundaries between the different crustal domains (Gémez de la Pefia et al., 2018, 2020;
Gracia et al., 2019). In addition, studies of the distribution of the offshore seismicity support
that the seismic activity is constrained to shallow depths (<20-25 km, Grevemeyer et al., 2015).
Thus, a detailed structural characterization of the crustal domains of the Alboran Basin and the
reactivated boundaries between them is important to improve the evaluation of the seismogenic

and tsunamigenic potential of the fault systems in this tectonically complex area.

Previous studies have been performed with limited information of the crustal structure of the
fault systems, and the tsunamigenic potential has been modelled with poorly constrained source
characteristics (Alvarez-Gomez et al., 2011a, 2011b; Gonzalez et al., 2010). Since then, new
seismic images and seafloor high-resolution bathymetry acquired in the westernmost
Mediterranean (Fig. 1) have been fundamental to constrain the crustal architecture. In
particular, images of the sedimentary and tectonic structure of this area have been key to fully
characterize the largest active fault system in the Alboran Basin. Here, using those new

observations (Fig. 1), we revise the geometry of the fault systems of the Alboran Basin to
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constrain fault dimensions, characterize fault parameters (i.e., strike, dip and rake), and perform

a preliminary estimation of their associated seismogenic and tsunamigenic potential.

2. Geological context

2.1. Crustal structure

The Miocene extensional processes together with the subduction-related volcanic activity led
to the current distribution of three different crustal domains flooring the Alboran Basin (inset
of Fig. 1): 1) thin continental crust under the West and North Alboran Basin, similar to the
Alboran Domain outcrops onshore, 2) the North African continental crust under the South
Alboran Basin, and 3) magmatic-arc crust under the East Alboran Basin (Booth-Rea et al.,
2018, 2007; Duggen et al., 2005; Gomez de la Pefia et al., 2021, 2018). Towards the east, the
Algero-Balearic Basin is floored by oceanic crust (Booth-Rea et al., 2018; Gomez de la Pefia

etal., 2018).

The transition among the different types of crusts are weak inherited zones, in which the Plio-
Holocene compressive deformation is focused (Gomez de la Pefia et al., 2021, 2018). The
largest tectonic structures of the Alboran Basin, namely the ARFS, CFS, YFS and AIFS, >100
km long and cutting the entire crust (Fig. 1), are nucleated at the boundaries between the

different aforementioned domains (Gémez de la Pefia et al., 2018; Gracia et al., 2019).

2.2. Seismicity of the area

There are two main groups of instrumental seismicity recorded in the Alboran Basin: 1) deep
earthquakes under the West Alboran Basin related to the subducted slab (~40-140 km depth)
and 2) crustal earthquakes spread over the entire basin (<40 km depth, Mancilla et al., 2015;

Martin et al., 2015; Palano et al., 2015, 2013; Stich et al., 2003). In this study, we focus on the
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crustal seismicity, as the shallow events may have, in principle, a larger seismic and tsunami
hazard associated with them. Studies of both the offshore seismicity (Grevemeyer et al., 2015)
and the crustal structure (Gomez de la Pefia et al., 2020) have shown that most of the offshore
earthquakes nucleate at the upper-middle crust (shallower than 20 km depth). The 2016 My 6.4
earthquake on the AIFS emphasized the seismogenic potential of this area (Gracia et al., 2019).
Due to the slow plate convergence rate (4.5£1 mml/yr, e.g., Nocquet, 2012), these faults
possibly have long recurrence intervals for the larger earthquakes that are not fully captured by

the instrumental records (Gracia et al., 2006).

The occurrence of earthquakes with My >6 is supported by the instrumental and historical
events described in this area (Table 1), although the exact location of the historical earthquakes,
as well as an accurate estimation of their magnitude, is still not clear (e.g., Kaabouben et al.,
2009; Mezcua et al., 2004; Stucchi et al., 2013). In addition to these earthquakes, four tsunamis
affecting the South Iberian and North African coasts have been documented (yellow stars in
Fig. 1, Kaabouben et al., 2009; Maramai et al., 2014). These tsunamigenic events have been
associated with My >6 earthquakes (Table 1, e.g., Maramai et al., 2014), but the causative
faults are not yet determined. A recent example of a tsunamigenic earthquake in the western
Mediterranean is the 2003 Boumerdés earthquake (Mw = 6.8, North Algeria), which generated
a tsunami affecting mainly the northern Algeria coast around the Boumerdés Province and the

Balearic Islands (Sahal et al. 2009; Selva et al., 2021).

As the faults are crustal-scale structures disrupting the basement down to ~20-25 km depth
(Gomez de la Pefia et al., 2020; 2018), and on the basis of their role as boundaries between
different crustal domains and of the seismicity distribution, we assume that the active faults of
the Alboran Basin could nucleate earthquakes up to the maximum seismogenic depth. Based

on the seismicity distribution, this is around 20 km depth (Grevemeyer et al., 2015).
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3. Data and methods

3.1. Fault analysis and seismic sources parameterization

We used a grid of multichannel seismic reflection (MCS) data (Fig. 1, Table 2), together with
selected pre-stack depth-migrated sections and a wide-angle seismic refraction profile showing
the velocity structure across the basin (Fig. 1). This MCS grid is formed mainly by datasets
collected by the Barcelona-Centre for Subsurface Imaging research group (TOPOMED,
EVENT-DEEP, EVENT-SHELF and IMPULS, Fig. 1, Table 2), or processed/reprocessed by
the same group (ESCI, CONRAD, CAB, Fig.1, Table 2). For details on the processing flow,
see Gomez de la Pefia et al. (2018) Supplementary Material. The acquisition, processing and
modelling parameters of the WAS profiles are described in Booth-Rea et al. (2018) and Gomez

de la Pefa et al. (2020).

The interpretation of the bathymetry and the MCS profiles of the fault systems allow us to
measure their length, width, depth, and strike and dip angles (Figs. 1, 2, 3). The fault traces are
correlated among seismic lines using marker horizons (see section 4.1). A detailed description
of the seismic stratigraphy of the Alboran Basin is presented in Gomez de la Pefia et al. (2021).
In particular, in this study we used four marker horizons: the sea-floor horizon when it is
disrupted, the Messinian surface (indicated as “M” in Figures 2 and 3, 5.33 Ma), the basement
top (volcanic -VB- or metamorphic -Mt.B- depending on the area and also variable in age), and
the crustal reflectivity when it is observed. A detailed description of the horizons’ displacement
and deformation is given in section 4.1 “Fault Geometries”. The displacement of the horizons
is consistent across all the seismic profiles, and together with the continuous bathymetric
expression and the crustal dimensions of the analysed fault systems, supports the continuity of
the fault planes. Based on our interpretation, we correlated the fault segments among different

sections and performed a Delaunay triangular interpolation to create 3D models of the fault
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planes, providing the first realistic geometry of the selected faults in the area (Fig. 4). As the
seismic grid is formed by time-migrated profiles, the fault surfaces have been first interpreted
in the time domain. Once the fault surface mesh was interpolated, we performed the 3D time-
depth conversion of the mesh (Maesano and D’ Ambrogi, 2017) using a four-layer model. The
layers are defined using three horizons (Figs. 2, 3): the seafloor, the Messinian top (M) and the
basement top (top of the volcanic or metamorphic basement, depending on the area). Based on
1) the existing tomographic velocity models inverted from wide-angle seismic data along and
across the Alboran Basin (profiles WESTMED at Fig. 1, Booth-Rea et al., 2018; Gomez de la
Pefia et al., 2020) and 2) the velocity models used for the Pre-Stack Depth Migration of two
MCS profiles (Gomez de la Pefia, 2017), we assigned a P-wave velocity of 1500 m/s to the
water layer, 2100 m/s for the Plio-Holocene sediments, 2700 m/s for the Miocene sediment
and 5000 m/s for the basement. Finally, the accuracy of time-depth conversion has been
checked comparing the obtained fault meshes with the interpreted fault traces at the pre-stack

depth-migrated sections (Gomez de la Pefia, 2017).

We derived the fault rake components on each triangular element of the mesh by assuming an
average regional NW-SE convergence azimuth (Fig. 1, Nocquet, 2012) without slip
partitioning. In order to estimate the earthquake magnitude My and average slip associated with
the largest rupture area (defined by length and width of the fault measured for each fault
system), we have applied the empirical scaling laws proposed by Leonard (2014) for crustal

earthquakes (Table 3).

To enhance the representation of the coseismic rupture and assess how the slip distribution may
affect tsunamigenesis, we also tested one scenario featuring a heterogeneous slip distribution.
The heterogeneous slip distributions have been calculated through a composite stochastic
source models (Ruiz et al., 2011; Zeng et al. 1994) based on the random distribution of

overlapping circular sub-asperities whose size and number are defined to ensure that the slip
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amplitude decays as k? at large wavenumber with k representing the wavenumber domain. The
distance among the grid-nodes and hence the proper definition of the circular sub-asperities is
efficiently modelled through the multi-lateration scheme presented in Herrero and Murphy
(2018). This technique has been already tested and applied for tsunami scenario computation

and for probabilistic tsunami hazard purposes (Scala et al., 2020, Basili et al., 2021).
3.2. Numerical tsunami simulations

After retrieving the geometries (Fig. 4) and the parameters for each fault system (Table 3), we
calculated the associated tsunami scenario. When the rupture area associated with the estimated
earthquake My is not sufficient to cover the entire fault, the rupture area has been placed as
shallow as possible to maximize the seafloor displacement, which represents the initial
condition for the tsunami propagation. Numerical tsunami simulations were performed using
the Tsunami-HYSEA nonlinear shallow water GPU-optimised code, developed by the
EDANYA Group of the University of Malaga, Spain (de la Asuncion et al., 2013). The
computational time-step is automatically set by the code during the simulation (0.2 s on average
for the scenarios simulated in the present study, using a value of 0.7 for the Courant—
Friedrichs—Lewy condition); we adopt a friction Manning coefficient of 0.03, where the
duration of each tsunami propagation is 2 hours. To propagate the tsunami, we used the
EMODnet bathymetry model that has a spatial resolution of 1/16 arc minutes (i.e., ~115 meters,

EMODnet Bathymetry project, www.emodnet-bathymetry.eu). We have calculated the

maximum wave amplitude distribution and the tsunami travel time for each tsunami scenario

(Figs. 6-10).

4. Results

4.1. Fault geometries
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The most prominent structure of the Alboran Basin is the Alboran Ridge (Figs. 1, 2). This
morphologic high shows >2 km of uplift, reaching the surface and forming the Alboran Island
(Fig 1). This high has been uplifted by the ARFS (Fig. 2). The ARFS is a south-dipping thrust
fault rooted at the Mohorovicic’ discontinuity (Moho), and formed by a ramp and a flat segment
at its deepest part (Fig. 2). North of the ARFS, the crust is ~7 s Two Way Travel Time (TWTT)
(Fig. 2); while south of it is ~9 s TWTT (Fig. 2), supporting the crustal character of this
structure. Towards the west, the ARFS is disrupted by the AIFS (Figs. 1, 2¢) and towards the
east, evolves into a transpressive structure (Fig. 2a) that seems to connect with the YFS (Fig.
1). In its eastern portion, the ARFS is reaching the seafloor, cutting the most recent Plio-
Holocene sediments and producing a vertical step in the Messinian (M) horizon of >1.5 s
TWTT (CMPs ~4000, Fig. 2a). At the central section, the ARFS is a blind thrust (Fig. 2b CMP
~8000). However, the Plio-Holocene units are involved in the folding related to the
deformation, suggesting that it is active (Fig. 2b, CMPs 8000-4000). The vertical step measured
on the M horizon is ~1.5 s TWTT (Fig. 2b). We interpreted secondary faults disrupting the
south side of the Alboran Ridge, with a comparatively minor deformation associated (Fig. 2b,
CMP ~5500). At the western end, the ARFS is cut by the AIFS (Figs. 1, 2¢). In this area, the
ARFS also shows signs of activity, cutting the entire sedimentary sequence and deforming the

Plio-Holocene sediments (Fig. 2c, CMPs 3500-1500).

The CFS is an onshore-offshore strike-slip fault system, 140 km long (~90 km offshore) (Fig.
1). It is a sub-vertical fault (Fig. 3a, CMP ~18000) that separates domains with different crustal
thickness: toward the west, the Moho is interpreted at ~11 s TWTT, defininga ~9 s TWTT
thick crust, while towards the east, the Moho is interpreted at 8 s TWTT, delineating a ~7 s
TWTT crust. The CFS is an active fault, reaching the sea-floor surface and deforming the most
recent sediments (Fig. 3a, CMPs 17500-18500). The CFS has an approximately constant strike

(230°, Table 3).
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The YFS is a sub-vertical strike-slip fault system ~145 km-long (Fig. 1) with an approximately
constant strike (107°, Table 3). Although it is formed by two segments in its shallower section
(Figs. 1, 3Db), these two segments connect at depth into a single fault plane (Fig. 3b, CMPs
7000-9000). Between the two segments, the Yusuf pull-apart Basin is formed, filled up mainly
with Plio-Holocene sediments (Fig. 3b, CMPs 7000-9000). The YFS affects the entire crust, as
demonstrated by the different crustal thicknesses observed at the two sides of the fault: ~12 s
TWTT south of the YFS and ~6 s TWTT north of it (Fig. 3b). Both fault segments reach the
sea-floor (Fig. 3b, CMPs ~7000 and ~8750), and the Plio-Holocene sediments are deformed

by the fault activity, supporting that it is an active structure.

The AIFS is a strike-slip fault, 105 km long, and it is also cutting the entire crust (Fig. 2b).
Along its trace, the AIFS forms negative and positive flower structures (Fig. 2b, CMPs ~4000-
3500) that are deforming the Plio-Holocene sedimentary sequence. Thus, we interpreted this
fault as an active structure. It is a sub-vertical fault (Fig. 2b) with an approximately constant

strike (Fig. 1, 20°, Table 3).

Our grid of seismic data allowed us to characterize the fault geometries, especially at deeper
crustal levels. Based on the fault trace interpreted at the MCS profiles (Figs. 1, 2), the ARFS
has been modelled building a 3D-triangular mesh accounting for its complex geometry (Figs.
4, 5). To estimate the ARFS parameters, the geometry of the fault has been taken into account,
as the ARFS has variable strike, dip and rake (Fig. 5). The fault parameters, retrieved after the
time-depth conversion, are shown in Table 3 (see Supplementary Data for details). To further
support the importance of the fault characterization, we show a tsunami scenario comparing
the results of the tsunami model using a planar fault approximation of the ARFS geometry and
a realistic fault geometry in the Supplementary Material (Fig. S1). For the strike-slip faults we

adopted a planar geometry, as this approximation accounts for a realistic fault geometry when
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the fault has an almost constant dip and strike (Figs. 2c, 3, 4). For these fault systems, all the

parameters are kept fixed apart from the rake angle (Table 3; see section 4.2.2).

In accordance with the fault dimensions and the estimated seismic parameters, these faults can
produce earthquakes with My, 7.7 for the ARFS, and between 7—7.3 for the strike-slip systems

(Table 3).

4.2. Tsunami simulations

4.2.1. Thrust fault: Alboran Ridge Fault System

We first considered a My 7.7 earthquake with uniform slip (2.66 m, Table 3) and two possible
scenarios to test the influence of the rake on the resulting maximum tsunami wave amplitude.
Thus, we considered a scenario with constant rake (80°, Figs. 6¢) and another one with variable
rake (~30°-140° Figs. 5c, 6d). The constant rake scenario considers the average rake value,
taking into account the regional convergence and the average strike of the fault plane, while
the variable rake scenario accounts for the ARFS strike variations (Fig. 5). The hypothesis of
a variable rake is due to the curved structure of the ARFS, as changes in the fault strike can
result in a variability of the kinematics from pure to oblique thrusting (Fig. 5¢). The results do
not highlight a systematic predominance, in terms of maximum wave amplitudes, of a scenario
with respect to the other, along the coastal points (Fig. 6). We observe that the tsunami scenario
adopting a variable rake has relatively larger wave amplitudes in South Spain between Méalaga
and Calahonda (points 4 and 3, Fig. 6b) and in the North African coast west to Melilla (point
10, Fig. 6b), whereas adopting a constant rake highlights larger values in the southeastern coast
of Spain around Almeria and in the North African coast east to Melilla (points 2 and 10, Fig.
6b). The maximum difference at the coastal points is observed at Almeria and Melilla (~1 m,
points 2 and 10, Figs. 6a, b). Both scenarios show that the most exposed areas are close to

Melilla on the North African coast (point 10), where the models support a maximum wave
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amplitude of >2.5 m, and between Mélaga and Almeria on the South Spanish coast (points 2-

4), with a maximum wave amplitude of 3-6 m (Fig. 6).

In a second experiment, we tested the influence of the slip distribution by focusing only on
potential ruptures hosted by the ARFS thrust ramp, and we considered a maximum My 6.8
earthquake. Thus, we run two different simulations, considering a uniform (Fig. 7a), and a
heterogeneous slip distribution (Fig. 7b) for similar rupture areas with constant rake. The
results show that the stochastic slip distribution used in this test-case produces generally larger
maximum wave amplitudes compared with the uniform slip scenario (Fig. 7c). An opposite
behaviour is observed in the stretch of Spanish coast between Calahonda and Almeria (points
3 and 2), where larger values result from the homogeneous case due to the easternmost part of
the fault model that features larger slip values (Fig. 7a) than the stochastic scenario (Fig. 7b).
Although the absolute difference between the maximum wave amplitude modelled in the two
scenarios is relatively small (<0.5 m), the relative size of the wave amplitude modelled with
heterogeneous slip with respect to the homogeneous slip generally represents an increase up to
~40% (west of point 3, Fig. 7c). Similar to the Mw 7.7 scenarios, the most affected areas are at
the South Spanish coast, even if the smaller earthquake magnitude contributes to a reduction
in the maximum wave amplitude (Fig. 7). The estimated tsunami arrival time for both the cases
is in the range of ~10-20 minutes along the Southern Spain and Northern Africa coasts (Figs.

6, 7).

4.2.2. Strike-slip faults: Carboneras, Yusuf, and Al-Idrissi Fault Systems

For the CFS we considered three scenarios, that is a purely left-lateral strike-slip mechanism
(rake=0, Fig. 8b), and a small normal/inverse component (i.e., rake=10°, 350°, Figs. 8c-d). Due

to the proximity of the source to the coastline, this is especially relevant for the Southeast
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Spanish coast. The maximum wave amplitude (>0.3 m) is observed when considering a rake

of 350° (Figs. 84, ¢).

We follow a similar approach for the YFS, considering a purely right-lateral strike-slip
mechanism (rake = 180°) and a rake of 190° and 170° assuming the YFS having a vertical
component behaviour (i.e., transtension at the Yusuf pull-apart basin, Fig. 3b). Even if
relatively small, the oblique component of the slip direction introduced for the latter scenarios
contributes to generate larger tsunami wave amplitudes (compare Fig. 9b with Figs. 9c, d). In
particular, the scenario adopting a rake of 190° features wave amplitude >0.4 m along the North
African coast (point 11, Fig. 9a), whereas the scenario with a rake of 170° features wave
amplitude between 0.8 and 1.5 m along the South Spanish coast around the Almeria area (point
2, Fig. 9a). The maximum wave amplitude estimated considering a pure strike-slip scenario is

<0.2 m (Fig. 9a).

Finally, we modelled a tsunami scenario for the AIFS fault that features a dominant left-lateral
strike-slip mechanism (rake = 25°, based on the 2016 My, 6.4 earthquake parameters, Gracia et
al., 2019). In this case the tsunami affects particularly the western side of both Southern Spain
and Northern Africa coasts with maximum wave amplitudes of 0.5 m close to Ceuta (North
African coast, point 8 Fig. 10a) and La Linea de la Concepcion (South Spanish coast, point 7

Fig. 10a).

Even with specific different patterns due to the tsunami source locations, the estimated first
tsunami arrival times in all of the scenarios presented in the present study are in the range of

~10-20 minutes (Figs. 8, 9, 10).

5. Discussion

5.1. Fault characterization: influence in the numerical tsunami simulations
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The main outcome of this study is the characterization of the fault geometry using a grid of
modern MCS profiles (Fig. 1). This grid allows us to reconstruct the fault model complexities
at their shallower and deeper parts, and thus, to incorporate realistic rupture parameters into
tsunami scenarios. Previous studies were based on the geodynamic setting of the area
(Gonzélez et al, 2010) or had limited information on the fault geometry and kinematics
(Alvarez-Gomez et al., 2011a, 2011b). Thus, in these previous studies, not all the sources were
considered (i.e., ARFS, AIFS), and the fault and source parameters were approximated from

the bathymetry and scarce geophysical data.

The MCS profiles support that the ARFS, CFS, YFS and AIFS are active faults, deforming the
Pliocene-Holocene sedimentary sequence and even disrupting the sea-floor (Figs. 1, 2, 3),
which agrees with previous studies (Gracia et al., 2019; Martinez-Garcia et al., 2013; Moreno
et al., 2017; Perea et al., 2020). Since our goal was the geometrical reconstruction of the faults
and the tsunami simulations, we did not perform a quantification of the fault slip-rates which
would be necessary to fully incorporate the modelled faults into seismic and tsunami hazard

studies.

One of the major differences between this work and the previous interpretation for this area
regards the ARFS. This structure was interpreted as a transpressive fault system (e.g., Martinez-
Garcia et al., 2013), although modern MCS profiles revealed it as a reverse fault rooted at the
Moho (Gomez de la Pefia, 2017; Gomez de la Pefia et al., 2018). Previous interpretations placed
the master transpressive faults at the northern and southern sides of the Alboran Ridge
(d’Acremont et al., 2020; Martinez-Garcia et al., 2013). The southern fault is observed in some
of the MCS profiles but we interpreted it as a secondary fault with a size that is not comparable
to the ARFS, that is the main thrust lifting the Alboran Ridge (Fig. 2). Hence, this is the first
study considering the ARFS as a crustal-scale thrust, being one of the main potentially

tsunamigenic structures in the Alboran Basin area.
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In particular, Alvarez-Gémez et al. (2011a, b) described the tectonic structure of the Alboran
Ridge by three different fault segments, being two of them left- and right-lateral strike-slip
faults (north and south branches, respectively) with a 10° compressive component, and the
third one a reverse fault. This reverse fault extended for a length of 37 km, while modern
seismic data revealed it as a ~120 km fault (Figs. 1, 2, 4, 5). The maximum fault depth
considered in previous studies is between 11-13 km, while modern seismic data support that
the ARFS is rooted at ~15 km depth (Gomez de la Pefia et al., 2018). The estimated maximum
earthquake magnitude to the Alboran Ridge faults range between 6.7-7.1, while with the fault
parameters described in this survey a realistic maximum earthquake magnitude can be larger
than My 7.7. The comparison of our results with the tsunami scenarios previously modelled
considering the Alboran Ridge a transpressive structure (Alvarez-Gomez et al., 2011a)
highlights that, while the areas affected by the higher amplitude waves are similar in both
studies, there are some differences in terms of maximum wave amplitudes. Indeed, considering
the south fault of the Alboran Ridge as the master transpressive fault, Alvarez-Goémez et al.
(2011a) reported maximum wave amplitudes of 1-1.5 m along the 10 m isobath (using a
bathymetry with a spatial resolution of 30 arc-sec), while considering the ARFS as the master
reverse fault of the system (as considered in the present study) we obtained larger values with

differences >1.5 m (up to 4 m, measured on the 10 m isobath).

A specific test was performed to check how the rake angle may affect the tsunami. Despite the
ARFS slightly curved geometry, which suggests a change of strike and rake along the fault
trace (Figs. 1, 2, 5a), using constant or variable rakes yields similar tsunami wave patterns
(Figs. 6a, b). The rake variations, accounting for more oblique thrusting at the Eastern and
Western ends of the Alboran Ridge (Figs. 2c, 5c), have the main effect of decreasing the
maximum wave amplitude (Figs. 6a, b). An additional test was performed to check how the

slip distribution may affect the tsunami with respect to a coseismic homogeneous dislocation
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in the same fault area (Fig. 7). The results show that in the near field of the tsunami source, the
slip distribution produces larger maximum wave amplitudes compared with the uniform slip
scenario (Fig. 7c). This result was expected (e.g., Geist, 2002), but for a robust tsunamigenic
potential analysis it would be necessary to compute a much larger number of scenarios based
on stochastic slip modelling for different magnitudes and slip patch locations (e.g., Murphy et

al., 2016; Scala et al., 2020).

Regarding the strike-slip systems, a good agreement is found when comparing the maximum
tsunami wave amplitudes resulting from the CFS strike-slip fault modelling in both our study
and the one by Alvarez-Gomez et al. (2011a). In both studies the CFS is interpreted as a left-
lateral strike-slip fault, with a small transpressive component (5°, Alvarez-Gomez et al., 2011a,
2011b) or transpressive and transtensive components (£10° variability, this work). Our data
allows interpreting the CFS down to 20 km depth (Gomez de la Pefia et al., 2018), while in
previous studies it was modelled to 11 km depth (Alvarez-Gomez et al., 2011a, 2011b).

However, this change produces minor differences in the tsunami modelling results.

On the other hand, some differences appear relatively to the YFS system, due to a different
fault modelling. Indeed, due to its bathymetric expression, the YFS was modelled as two
independent, right-lateral strike-slip fault systems in previous studies (Alvarez-Gémez et al.,
2011a). Here, thanks to the high-penetration seismic images that show that the two branches
of the YFS join at depth (Fig. 3b), we have considered the entire YFS as one single fault system.
This change results in an increment of the total fault length, and increases the maximum wave
amplitude by ~0.2 m on the 10 m isobath (point 11, Beni Saf, Fig. 9, Alvarez-Gomez et al.,

2011a).
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Different from the CFS and YFS faults, the AIFS tsunamigenic potential has not been modelled
before. Our tsunami simulation shows a relatively lower tsunamigenic potential for this fault

system (Fig. 10) with respect to the other fault systems analysed in the present study.

Due to the uncertainty in the regional convergence value (e.g., Serpelloni et al., 2007), the
variability of the stress framework in the area (e.g., Echeverria et al., 2013; Palano et al., 2015)
and the lack of focal mechanism associated with these faults, we assigned an uncertainty to the
rake value of the CFS and YFS of +10°. This small transpressive/transtensional component
cannot be discarded with the available data, and considerably increased the amplitude of the
maximum wave, being more than double at some points (Figs. 8a, 9a). This is especially
noticeable at the closest coastal areas for each fault (Figs. 8, 9). This difference may translate
into non-negligible higher differences due to amplification of the tsunami wave when reaching

the coast.

Collectively, our results are a first attempt to highlight how the fault characterization can be
relevant to improve the definition of the tsunamigenic potential of the tectonic structures in the
Alboran Basin. Although the new data allowed us to better constrain the fault geometry, other
important parameters, such as the rake, have a relatively large uncertainty and may influence
the resulting tsunami model, especially when considering an oblique component for the major

strike-slip faults.

5.2. Seismogenic and tsunamigenic potential

The seismogenic potential of the faults of the Alboran Basin has been not fully addressed
because of 1) the recorded instrumental seismicity which is moderate (Palano et al., 2015; Stich
et al., 2003), 2) the possibly long recurrence periods for the larger earthquakes (Gracia et al.,

2006), and 3) the lack of constraints on the deep structure of the basin and thus of the tectonic
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structure (Gomez de la Pefa et al., 2020, 2018). Our results support that the main faults of the

Alboran Basin may be able to generate large tectonic events with My >7 (Table 3).

The largest earthquake instrumentally recorded in this area is the Al-ldrissi earthquake (Mw
6.4, 2016, Gracia et al., 2019). This earthquake was nucleated on the AIFS (Gracia et al., 2019).
For this fault, we modelled a fault geometry which can theoretically host earthquakes as large
as Mw 7, according to the adopted scaling relationship (Leonard, 2014), which agrees with the
Mw 6.4 2016 earthquake (Table 3). The occurrence of the 2016 earthquake supports that these
fault systems, being engendered at the boundary between different crustal domains, are highly-
continuous structures and that a seismic event may be able to rupture a large area (Gracia et
al., 2019). Thus, even if these fault systems have long recurrence periods, their seismogenic

potential should be further explored.

In addition, the scenarios computed in our work are comparable with the largest historical
seismicity observed in the area (e.g., Mezcua et al., 2004; Palano et al., 2015) which also
produced tsunami effects (e.g., Maramai et al., 2014 and references therein) (Table 1). The
specific faults activated during these historical earthquakes and tsunamis, as it is often the case,
remain undetermined or only poorly defined (e.g., Kaabouben et al., 2009; Maramai et al.,
2014; Mezcua et al., 2004). Although finding the source of a particular event is beyond the
scope of this study, we have shown that the main tectonic structures of the Alboran Basin
(ARFS, CFS, YFS and AIFS) could potentially host these earthquakes and generate the
subsequent tsunamis. In particular, our simulations show that the greatest tsunami in this area
could be generated by the ARFS, but also the tsunami scenarios related to the CFS and the YFS
could feature maximum wave amplitudes with values of the order of 0.5 m affecting the closest

coastal areas.
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Among the structures analysed in the present study, the ARFS expresses the highest
seismogenic and tsunamigenic potential, being able to generate an earthquake up to My 7.7 and
a tsunami with a maximum wave amplitude >3 m along the 10 m isobath, considering a rupture
area extending over the entire fault plane (Table 3, Fig. 6). Considering a rupture area restricted
to the ramp of this thrust, the ARFS may generate an earthquake My 6.8 and tsunami waves
with amplitude >1 m at the 10 m isobath in front of the Southern Spain coast (Table 3, Fig. 7).
Similar to the AIFS, the ARFS is located in between two different types of crust (Fig. 2, Gomez
de la Pefia et al., 2020, 2018). The relief associated with this structure, the Alboran Ridge, is a
continuous high >100 km long (Fig. 1). Although these factors may support the existence of a
continuous deformation area, further analyses of the fault’s seismogenic behaviour and
accurate location of the offshore larger seismic events (recorded and historical) are needed to

determine whether the ARFS is prone to rupture as a whole.

The strike-slip systems could also host significant earthquakes (Table 3), as confirmed by the
M 6.4 earthquake nucleated on the AIFS in 2016 (Gracia et al., 2019). However, given their
kinematics, the associated tsunamigenic potential is low compared to ARFS, at least for the
scenarios considered here. Indeed, the vertical displacement of the seafloor associated with
these structures is limited and the contribution of the horizontal deformation in terms of
tsunamigenesis is relevant only in particular cases such as shallow dipping fault planes
(Tanioka and Satake, 1996) or supershear ruptures (Elbanna et al., 2021). The maximum wave
amplitudes calculated for the strike-slip faults are in the order of 0.3 — 0.5 m, reaching up to
1.5 m at particular points (Figs. 8a, 9a, 10a). Due to the influence of poorly constrained
parameters (i.e., rake) in the modelled tsunami scenario, further characterization of the strike-

slip fault systems is recommended.

In this study, we independently studied the reverse ARFS and the strike-slip CFS, YFS and

AIFS. However, the ARFS and the YFS has a compatible kinematics and, based on their
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surface and depth structure, these two fault systems may be linked (Figs. 1, 2a, 3b) through a
transpressive zone connecting the ARFS thrust with the strike-slip YFS (Fig. 2a, Gomez de la
Pefia, 2017). This consideration is also supported by the computed rake value where we observe
that the eastern termination of the ARFS features a significant oblique component (Fig. 5c).
Complex ruptures involving different fault segments with different kinematics have been
observed in other areas (e.g., 2016 My 7.8 Kaikoura earthquake, Ulrich et al., 2019; 2019 My,
7.1 Ridgecrest earthquake, Chen et al., 2020). However, hypothesizing that a seismic rupture
could involve both ARFS and YFS implies a complex rupture model that requires a further
analysis of the fault deformation, as well as a complex analysis of the slip distribution and of

the kinematics of the thrust-transpression-strike-slip system.

Here, we presented an example of how to combine the main elements of a seismogenic and
tsunamigenic analysis with the main tectonic structures of the Alboran Basin that for the first
time considers a realistic fault geometry. The improvement in the geological knowledge
reduces the uncertainty of the seismic source parameters and the epistemic uncertainty in the
tsunami forward modelling; however, in order to fulfil the seismic and tsunami hazard
assessments of the westernmost Mediterranean coastal areas, a Probabilistic Seismic and
Tsunami Hazard Assessment is needed (e.g., Basili et al., 2021, Gerstenberger et al., 2020).
The importance of well-constrained fault geometries and slip distribution in tsunami modelling
(Tonini et al., 2020; Serra et al., 2021), ground-shaking modelling (Passone and Mai, 2017),
and probabilistic seismic and tsunami hazard studies have already been demonstrated (e.qg.,
Goda et al., 2014; Scala et al., 2020). Thus, future hazard studies, and especially those
conducted at a regional or local scale, would be further improved by using the more realistic
fault geometries available, and considering a suite of stochastic slip distributions (e.g., Passone

and Mai, 2017; Scala et al., 2020) to produce accurate seismic and tsunami hazard models. For
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the Alboran region, we propose the use of at least the main active structure of the area (ARFS,

CFS, YFS and AIFS) presented in this study.

6. Conclusions

Modern seismic images and high-resolution seafloor maps have provided the observations to
revise the geometry of the largest active fault systems of the Alboran Basin. The new mapping
of the structures allows us to create 3D realistic fault models, which have been used for the
first time as input for the seismogenic and tsunamigenic potential estimations. Comparison
with previous tsunami models of the area, done with limited knowledge of the tectonic

structure, highlights the key role of detailed fault characterization.

We have estimated earthquake magnitudes that might be hosted by the main active fault
systems of the Alboran Basin based on the new characterization. The reverse ARFS may
produce earthquakes as large as Mw7.7, and the strike-slip system of CFS My 7.1, YFS My 7.3

and AIFS My, 7.0.

In our scenarios, the highest tsunamigenic potential is associated with reverse slip along the
ARFS, with estimated maximum wave amplitudes >3 m on the 10 m isobath. The tsunamigenic
potential of the strike-slip faults in the investigated cases is lower than that for the ARFS (<1.5
m wave amplitude on the 10 m isobath), but due to their proximity to the coast, the influence
of poorly constrained parameters such as the rake, and possible local effects and coastal
amplification processes that are not considered in this study, the tsunamigenic potential of the

strike-slip structures analysed here might have been underestimated.

The complexity of megathrust earthquake ruptures has already been addressed in several
studies. Our results show the importance of the fault first-order characterization when

estimating the seismic and tsunamigenic potential also in the case of crustal earthquakes.
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Accounting for realistic fault geometries and seismic parameters is especially relevant when
the faults feature a complex geometry (e.g., the ARFS) and future studies should also include
other physical aspects of the tsunami generation, such as shallow slip amplification or

kinematic seafloor deformation, which are still under explored in the case of crustal faults.
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The data (3D complex mesh of the ARFS and rake values, and the resulting grid files of the

tsunami simulations containing the maximum wave amplitude) are archived at PANGAEA

repository (https://doi.pangaea.de/10.1594/PANGAEA xxxxxxx) (the full link to download

these data will be given once the paper has been accepted).

Figure captions:

Figure 1: Bathymetric map of the westernmost Mediterranean (Alboran Basin, Ballesteros et
al., 2008; Gomez de la Pefa et al., 2016; Gréacia et al., 2012, 2006 and GEBCO compilation).
Location of the MCS and WAS profiles is shown (colour lines, see map legend with the details),
as well as the location of the main tectonic structures (modified after Gracia et al., 2019). The
studied fault systems are depicted in red. Instrumental seismicity limited to crustal depths (<30
km, IGN seismic catalogue) and historical earthquakes and tsunamis (Kaabouben et al., 2009;
Maramai et al., 2014; Palano et al., 2015) are displayed (see details in the map legend). The
numbers show the location of the coastal cities taken as reference. Inset: location of the study
area and crustal domains (modified from Gomez de la Pefia et al., 2018). ARFS: Alboran Ridge
Fault System, CFS: Carboneras Fault System, YFS: Yusuf Fault System, AIFS: Al-Idrissi Fault

System.

Figure 2: The ARFS and AIFS. a) Eastern termination of the ARFS (Event-Deep Leg 2 cruise),
b) Central section of the ARFS (TopoMed cruise, modified from Gomez de la Pefia et al.,
2018), ¢) Western termination of the ARFS and AIFS (TopoMed cruise, modified from Gracia
et al., 2019). The main fault trace of the studied fault systems is marked in red. PlioH: Plio-
Holocene sediments, Mio: Miocene sediments, M: Messinian top, V: volcanics, VB: volcanic

basement, Mt.B: metamorphic basement, ICR: Intra-crustal reflectivity.
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Figure 3: The a) CFS and b) YFS (modified from Gémez de la Pefia et al., 2018). The main
fault trace of the studied fault systems is marked in red. PlioH: Plio-Holocene sediments, Mio:
Miocene sediments, M: Messinian top, V: volcanics, VB: volcanic basement, Mt.B:

metamorphic basement, ICR: Intra-crustal reflectivity.

Figure 4: 3D modelled grids of the ARFS, CFS, YFS and AIFS.

Figure 5: Details of the ARFS 3D complex mesh: a) strike variations, b) dip variations and c)

rake variations.

Figure 6: Tsunami simulation for the ARFS considering a uniform slip distribution and a slip
of 2.66 m (Mw 7.7 earthquake). The colour scale shows the maximum wave amplitudes; white
contour lines (10 minutes intervals) represent the estimated tsunami travel times. a) Maximum
wave amplitudes along the South Spanish and North African coasts, extracted at the 10 m
isobath. Selected locations are displayed for reference (see Figure 1). b) Results of the tsunami
simulation using constant rake and c) variable rake. The numbers show the location of the
coastal cities taken as reference: 1: Cartagena, 2: Almeria, 3: Calahonda, 4: Mélaga, 5:
Fuengirola, 6: Marbella, 7: La Linea de la Concepcién, 8: Ceuta, 9: Alhucemas, 10: Melilla,

11: Beni Saf.

Figure 7: Tsunami simulations for the ARFS considering a) a homogeneous and b) a
heterogeneous slip distribution for a My 6.8 earthquake. The colour scale shows the maximum
wave amplitudes; white contour lines (10 minutes intervals) represent the estimated tsunami
travel times. ¢c) Maximum wave amplitudes along the South Spanish and North African coasts,
extracted at the 10 m isobath. Selected locations are displayed for reference (Fig. 1). Tsunami
simulation results for d) uniform slip and e) heterogeneous slip. The numbers show the location

of the coastal cities taken as reference: 1: Cartagena, 2: Almeria, 3: Calahonda, 4: Mélaga, 5:
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Fuengirola, 6: Marbella, 7: La Linea de la Concepcidn, 8: Ceuta, 9: Alhucemas, 10: Melilla,

11: Beni Saf.

Figure 8: Tsunami simulations for the CFS considering 1.38 m of slip (Mw 7.1 earthquake).
The colour scale shows the maximum wave; white contour lines (10 minutes intervals)
represent the estimated tsunami travel times. The location of the rupture area is marked in
orange on the inset. a) Maximum wave amplitudes along the South Spanish and North African
coasts, extracted at the 10 m isobath. Selected locations are displayed for reference (Fig. 1).
Tsunami simulations considering rake = 0° (b), rake = 10° (c) and rake = 350° (d). The numbers
show the location of the coastal cities taken as reference: 1: Cartagena, 2: Almeria, 3:
Calahonda, 4: Malaga, 5: Fuengirola, 6: Marbella, 7: La Linea de la Concepcion, 8: Ceuta, 9:

Alhucemas, 10: Melilla, 11: Beni Saf.

Figure 9: Tsunami simulations for the YFS considering 1.64 m of slip (Mw 7.3 earthquake).
The colour scale shows the maximum wave amplitudes; white contour lines (10 minutes
intervals) represent the estimated tsunami travel times. The location of the rupture area is
marked in orange on the inset. a) Maximum wave amplitudes along the South Spanish and
North African coasts, extracted at the 10 m isobath. Selected locations are displayed for
reference (Fig. 1). Tsunami simulations considering rake = 0° (b), rake = 190° (c) and rake =
170° (d). The numbers show the location of the coastal cities taken as reference: 1: Cartagena,
2: Almeria, 3: Calahonda, 4: Méalaga, 5: Fuengirola, 6: Marbella, 7: La Linea de la Concepcion,

8: Ceuta, 9: Alhucemas, 10: Melilla, 11: Beni Saf.

Figure 10: Tsunami simulations for the AIFS considering 1.13 m of slip (Mw 7 earthquake).
The colour scale shows the maximum wave amplitudes; white contour lines (10 minutes
intervals) represent the estimated tsunami travel times. a) Maximum wave amplitudes along

the South Spanish and North African coasts, extracted at the 10 m isobath. Selected locations
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are displayed for reference (Fig. 1). b) Tsunami simulation considering a rectangular
approximation of the fault plane. The location of the rupture area is marked in orange on the
inset. The numbers show the location of the coastal cities taken as reference: 1: Cartagena, 2:
Almeria, 3: Calahonda, 4: Malaga, 5: Fuengirola, 6: Marbella, 7: La Linea de la Concepcidn,

8: Ceuta, 9: Alhucemas, 10: Melilla, 11: Beni Saf.

Table 1: (Top) Instrumental and (Middle) historical seismicity nucleated at the Alboran Basin
with My > 6; (Bottom) historical tsunamis documented on the Alboran Basin coastal areas

associated with a tectonic source in the Alboran Basin.

Table 2: Acquisition parameters of the Multichannel Seismic (MCS) surveys used to interpret
the tectonic structure of the Alboran Basin (Fig. 1): TOPOMED (2011), EVENT-DEEP (2010),
EVENT-SHELF (2008), IMPULS (2006), CAB (2000-2001), ESCI (1992), CONRAD (1988).

Ch.: channel; CMP: Common Mid-Point.

Table 3: Fault and rupture parameters and estimated seismogenic potential. Strike, dip and

rake variability across the ARFS are shown in Figure 5.
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Table 1 Click here to access/download;Table;Table1-seismicity and
tsunamis-REV.docx

Instrumental seismicity M,, > 6

Year My Lat. Long. 'Z:;’]; Inlt\ZZ:}ty Effects References

2016 6.4 35,59 |-3.72 10 \ 1 casualty, 30 injured, | Gracia et
material damagesin S. | al., 2019
Spain and N. Morocco
coastal cities.

2004* | 6.3 35.15 | -3.98 - Vil 629 casualties, IGN
material damage. seismic
Most catastrophic catalogue

earthquake in the
region in the last 100
years.

* The 2004 earthquake occurred onshore and was nucleated on the onshore continuation of the AIFS.
Historical seismicity M., > 6

Year Estll\rzated Lat. Long. | Max. Intensity References
1804 6.7 36.02 | -3.79 VII-VII Mezcua et al., 2004
1804* | 6.4 36.59 |-2.83 VII-IX Mezcua et al., 2004
1790 6.7 35.70 | -0.60 - Kaabouben et al., 2009
1680 7 36.30 | -4.24 IX Kaabouben et al., 2009
1522 6.5 36.97 -2.66 - Kaabouben et al., 2009

* The 1804 earthquake occurred onshore and was probably nucleated on the onshore continuation of the
CFS. They are interpreted as two different events on the seismic catalogues, being the tsunamigenic one the
Mw 6.7 earthquake, nucleated offshore.

Historical tsunamis related to a tectonic source in the Alboran Basin

Documented Possible source
Year Affected area effects e 0 T Long. References
1804 Almeria province Sea retreat - VII 36.50 -2.50 | IGN tsunami
catalogue
1790 Almeria province, Noticeable 6.7 - 35.70 | -0.6 Kaabouben et
Algeria inundation al., 2009
distance in
Almeria in the
dry land
1680 Malaga, North of Seariseof5m | 7 IX 36.30 | -4.24 | Kaabouben et
Morocco al., 2009
1522 Bades Ghomera, - 6.5 - 36.97 -2.66 | Kaabouben et
Almeria province al., 2009
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Table 2 Click here to access/download;Table; Table2-MCS-REV.docx %

Ch. Streamer CMP Sample Shot .
: - Recorded . Airguns
Survey Ch. Distance length distance rate length (s) distance volume

(m) (m) (m) (ms) (m)

TOPOMED 1 408 12.5 5397 6.25 2 12/14 37.5/50 2000 psi
TOPOMED 2 480 12.5 6332 6.25 2 19 50 2500 psi
EVENT-DEEP 1 96 6.25 600 3.125 2 5.5/8 12.5/18.7 800 c.i.
EVENT-DEEP 2 276 12.5 3450 6.25 2 12 37.5 1880 c.i.
EVENT-SHELF 1 = 9 - 0.1 1.5/2.0 ~15 sparker
IMPULS 48 6.25 300 3.125 1 12/6 25/12.5 800 c.i.
CAB 480 12.5 6000 6.25 2 12 37.5 2800 c.i.
ESCI 180 25 4500 12.5 4 18/22 50/75 7118c.i.
CONRAD 48 50 2400 25 4 20 50 5346 c.i.
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Table 3 Click here to access/download; Table;Table3-Fault parameters- %
REV.docx

ARFS Determined by the 3D
complex complex 2.66
(all) complex mesh
. 0.92
ARFS complex complex 80 45 22 Determined by the 3D Up to 6.8
(ramp) mesh 513
CFS 230 90 0 71 20 -2.66 36.53 11 1.38 7.1
YFS 107 81 180 102 22 -1.78 35.53 11.5 1.64 7.3
AIFS 20 90 25 47.5 17 -3.59 35.70 9 1.13 7.0

* Heterogeneous slip distribution (Fig. 7b).

Table 3



