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Abstract Linking historical earthquakes with the faults that caused them is crucial for seismic hazard Production Editor

. . . - . . . Andrea Llenos
assessment. Historical documentation describing the effects of an earthquake is a useful information source, Handline Editor:
from which we can compile the observed intensity field of the earthquake. In this work, we use intensity " Vitor Silva
data from the catastrophic 1804 Alboran earthquake (south of Iberia) along with intensity simulations and Copy & Layout Editor:
coseismic stress transfer analysis to search for this earthquake's seismic source. We build intensity simula- Tara Nye

tions for each fault proposed as a potential source, and compare these simulations with the intensity field.
We also propose the possibility of the Alboran 1804 earthquake triggering the Dalias earthquake (European
macroseismic intensity (lews-os) 1X), which occurred seven months after, and analyze stress transfer between
the possible sources of both earthquakes. Our results point to a conjunct rupture of the northern Al-Idrissi
Fault segment and the North-South Faults as the most likely source for the Alboran earthquake.

Resumen Relacionar los terremotos histdricos con sus fallas responsables es crucial para las
evaluaciones de peligrosidad sismica. Una fuente de informacién sobre estos terremotos es ladocumentacion
histérica que describe sus efectos, a partir de la cual se puede recopilar el campo de intensidad observada del
terremoto. En este trabajo utilizamos los datos de intensidad del terremoto de Alboran de 1804 (al sur de
Iberia) junto con simulaciones y analisis del cambio de esfuerzos cosismico para buscar su falla responsable.
Construimos simulaciones de intensidad para las distintas fallas propuestas como fuentes y las comparamos
con el campo de intensidad. También proponemos un posible triggering entre el terremoto de Alboran y
el terremoto de Dalias (lews-9s 1X) ocurrido siete meses después, y analizamos la posible transferencia de
esfuerzos entre las posibles fuentes de ambos terremotos. Nuestros resultados apuntan a una ruptura
conjunta del segmento norte de la Falla de Al-Idrissi con las Fallas Norte-Sur como la fuente mas probable
del terremoto de Alboran.

Non-technical summary Knowing as best as we can the faults that cause earthquakes and how
they behave over time helps in designing earthquake-resistant structures, which avoids earthquake damage.
Studying the effects caused by historical earthquakes is one way to achieve this. We use felt data recorded
from the 1804 Alboran earthquake (south of Spain) to search for the fault that most likely caused this earth-
quake. We recreate the felt earthquake shaking intensity by trying out different possible faults as sources
and compare the hypothetical shaking intensity caused by each scenario with the historically documented
intensity. The recreation that best fits the historical observations will also be the one built on the most similar
source model to the actual earthquake source. We also propose the Alboran earthquake could have triggered
another event (the Dalias earthquake), which occurred nearby seven months later and explore this possibility.
We link the Alboran earthquake with a combined rupture of the northern part of Al-Idrissi Fault and the nearby
North-South Faults.
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or not a particular fault is active and might rupture

In active but slow-to-moderate moving plate bound-
aries, such as the diffuse limit between Africa and the
Iberian Peninsula, active faults may show recurrence
periods longer than the instrumental record. In these
regions, associating historical earthquakes with their
causative fault and including accurate historical earth-
quake data in seismic hazard assessment (SHA) stud-
ies can make a difference when considering whether

*Corresponding author: ypro@ucm.es

in the future. The importance of addressing faults as
seismogenic sources in SHA studies and extend back
their known seismic history beyond the instrumental
record has been rising in the recent years (e.g., Am-
braseys and Jackson, 1998; Basili et al., 2008; Caputo
et al., 2015; Gémez-Novell et al., 2020). Paleoseismol-
ogy, which studies geological evidence of past earth-
quakes, is one way to achieve this; however, there are
seismically active areas where paleoseismological anal-
ysis cannot be performed. As McCalpin and Nelson
(1996) noticed, this might happen because of several dif-
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ferent reasons:

» The structures that expose an earthquake occur-
rence (such as fault scarps, fault scars, or liquefac-
tion structures) never formed in the first place due
to the site’s geological conditions.

» The structures did form, but high erosion rates im-
mediately dismantled them.

» Human activity has destroyed these structures.

» The structures are located in an area that is not
easily accessible (such as offshore or in a densely
forested area).

In the particular case of blind offshore faults, geo-
physical exploration might also give some insights on
their location, and widespread turbiditic deposits may
provide information on their activity. However, this
kind of oceanographic data is not yet available for ev-
ery region of seismic interest. When paleoseismic and
oceanographic studies cannot be conducted, another
approach to address whether or not a fault is active
and extend its history past the instrumental record
is to analyze historically recorded earthquake effects.
Documents such as newspapers, personal diaries, let-
ters to the authorities, and reconstruction bills provide
researchers with plenty of information about earth-
quakes that occurred in historical times (Mufioz Clares
et al., 2012; Murphy Corella, 2019; Teves-Costa and
Batlld, 2010). In some cases, historical documents also
preserve descriptions of geological evidence even af-
ter the structure itself has disappeared due to erosion
or anthropogenic activities (Huerta et al., 2015; Mur-
phy Corella, 2019). Damage and effects reported in
these documents can be graded using modern intensity
scales, such as the European Macroseismic Scale (EMS-
98; Griinthal, 1998) or the Environmental Seismic Inten-
sity scale (ESI-07; Michetti et al., 2007). With reports of
earthquakes’ effects on multiple sites, we can compile
the intensity field of historical earthquakes.

It has been noted in many studies how seismic in-
tensity correlates reasonably well with strong ground-
motion parameters, such as peak ground acceleration
(PGA) and peak ground velocity (PGV) (Trifunac and
Brady, 1975; Wald et al., 1999; Atkinson and Wald,
2007; Delavaud et al., 2009). Because of this correla-
tion, several authors have developed ground-motion-
to-intensity conversion equations (GMICEs), which al-
low one to estimate the intensity caused by a cer-
tain ground-motion value and vice versa (e.g., Kaka
and Atkinson, 2004; Atkinson and Kaka, 2007; Tselen-
tis and Danciu, 2008; Worden et al., 2012; Caprio et al.,
2015). Additionally, different authors have also devel-
oped ground-motion models (GMM), which calculate
the ground motion at a certain location considering a
certain seismic source (e.g., Campbell, 2003; Ambraseys
et al., 2005; Akkar and Bommer, 2010; Abrahamson
et al., 2014; Campbell and Bozorgnia, 2014; Pezeshk
et al., 2018; Akkar et al., 2013). Plenty of research has
also been done on the effect that an earthquake causes
on the local stress state and how it can influence the
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occurrence of future events, usually using the analy-
sis of Coulomb failure static stress change (ACFS) (e.g.,
Okada, 1992; Harris, 1998; Stein, 1999, 2003; King et al.,
1994).

Through the combined use of GMM, GMICE, and/or
ACFS, and knowing the parameters of a seismic source,
we can build simulations of the effects that this source
can induce on building and terrain, as well as estimate
static stress changes in its vicinity. We can also use this
approach to look into the past and search for the source
of historical earthquakes when the causative fault is
unclear and no other evidence is found. The assump-
tion is as follows: If we build a simulation that matches
the observed effects, the seismic source on which we
built that simulation could be considered as the pos-
sible source of the earthquake. Using different varia-
tions of this approach, the source of many historical
earthquakes has been searched for in previous works.
Fracassi and Valensise (2007) compared the pattern of
damage distribution during the seismic crisis of 1456
in Italy with the regional tectonic structures to search
for earthquake sources that had not been addressed be-
fore. Silva et al. (2017) used the correlation between
PGA and intensity, as well as a trial-and-error model-
ing procedure, to search for the source of the 1755 Lis-
bon, the 1829 Torrevieja, and the 1863 Huércal-Overa
earthquakes. A similar procedure was followed by
Rodriguez-Pascua et al. (2017) in their research on the
1884 Arenas del Rey earthquake. Canoraetal. (2021), af-
ter locating the earthquake surface rupture of the 1531
Lisbon earthquake in a trench, estimated the rupture
length by building different seismic scenarios and com-
paring them with the observed intensity field. Lozos
(2016) also combined paleoseismic data with historic
damage reports and rupture modeling to study the 1812
California earthquake. Griffin et al. (2018) combined
the use of GMM and GMICE with a search algorithm to
investigate the source of several historical earthquakes
east of the Sunda Arc. Hough and Graves (2020) used hy-
brid broadband simulations to study different possible
scenarios for the 1933 Long Beach earthquake. Other
authors, instead of working with intensity or ground
motions, have modeled the stress transfer caused by
different possible earthquake sources and compared it
with the local seismicity after an earthquake of interest
to search for its source. Such is the case of the Cata-
lan seismic series of 1427-1428 (Perea, 2009), the 2001 El
Salvador earthquake (Canora et al., 2010), and the 2019
Jijel and 2014 Ziama earthquakes (Yelles-Chaouche et
al., 2021).

In this work, we search for the most likely source
of the Almeria earthquake of 13 January 1804, also
known as the 1804 Alboran earthquake, which caused
significant damage on both the Spanish and Moroc-
can coasts, as well as at several inland locations. The
greatest damage occurred in the building stock from
the province of Granada and especially Almeria (Mur-
phy Corella, 2019). This earthquake has been assigned
My 6.3-6.7 by different authors, mostly based on the
damage (Martinez Solares and Mezcua Rodriguez, 2002;
Posadas et al., 2006; Mezcua et al., 2013). To investigate
its source fault, we use a methodology based on simula-
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tions of hypothetical earthquake shaking intensity. We
estimate the intensity values that could be caused if the
earthquake had originated on different possible faults,
and then we compare these simulated intensities with
the historical intensities in search of the scenario that
better fits the observed data. We use a methodology pro-
posed by de Pro-Diaz et al. (2022, 2023) and incorporate
anew extra step using ACFS analysis to better constrain
the results.

2 Neotectonic and seismic context

2.1 The Betics and Alboran Sea area

The study area is located south of the Iberian Peninsula
(Figure 1), and it includes the Alboran Sea and the east-
ern part of the Betic Cordillera. The Betic Cordillera,
also known as the Betics, is an ENE-WSW orogen lo-
cated south of the Iberian Peninsula (Figure 1). During
the neotectonic period (Late Miocene to Present), tec-
tonic activity in the Eastern Betics is dominated by the
convergence between Iberia and Nubia plates (DeMets
et al., 2010; Serpelloni et al., 2007; Nocquet and Calais,
2004). The study area is located in the Eastern Bet-
ics where a transpressional stress field with NNW-SSE
shortening has been dominant during the Quaternary
(Echeverria et al., 2015). This strain regime is consis-
tent with the kinematics of the largest active faults in
this area (Martinez-Diaz et al., 2012). One of the most
important fault systems in the Alboran Sea is the Trans-
Alboran Shear Zone (De Larouziere et al., 1988), a sig-
moidal, NE-SW, transpressive fault zone formed mainly
by left-lateral strike-slip faults, and reverse faults on the
northern sector (Silva et al., 1993). The Trans-Alboran
Shear Zone also reaches inland and connects with the
Betics. Its continental part is called the Eastern Betics
Shear Zone, which has been largely studied (e.g., Fer-
rater et al., 2016, 2017; Herrero Barbero, 2021; Insua-
Arevalo et al., 2015; Martin-Banda et al., 2016; Ortufio
etal., 2012).

The Carboneras Fault (CF) is one of the major faults
of the Trans-Alboran Shear Zone, and part of its trace
runs south of the epicentral area of the Alboran earth-
quake (Figure 1) (Gracia et al., 2006; Moreno Mota,
2011; Moreno et al., 2015, 2016; Alvarez-Gémez et al.,
2023). Another major fault near the epicentral area is
the Al-Idrissi Fault (AIF), a currently growing, NE-SW
oriented, subvertical, left-lateral strike-slip fault which
has been related to the 2016 Al Hoceima earthquake
(My 6.3) (Ammar et al., 2007; Gracia et al., 2019; Lafosse
et al., 2020; Martinez-Garcia et al., 2011; Martinez-
Garcia et al., 2013; d’Acremont et al., 2014; Alvarez-
Gomez et al., 2016). This earthquake could have also
triggered the seismic series of 2021-2022 near Al Ho-
ceima, although the latter series has not been related to
the ATF but with a parallel unmapped structure (Lozano
et al., 2025; Perea et al., 2022). Both the CF and AIF are
considered not only active and seismogenic, but also
potentially tsunamigenic Alvarez-Gémez et al. (2023);
Gomez de la Pefia et al. (2022). Connected to the AIF to
the north there is a wide left-lateral shear zone known
as the North-South Fault system (NSF); recent research
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suggests it is a currently developing extension to the
north of the AIF (Canari et al., 2024; Gracia et al., 2019).
West of the northern sector of the AIF, but with a par-
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Figure1 Seismotectonic context for the study region. In-
set modified from Herrero-Barbero et al. (2021). Seismic
catalog from the Instituto Geografico Nacional and Universi-
dad Complutense de Madrid (ICN-UGM, 2013), represented
as dots with the dates of the main earthquakes. a) GNSS ve-
locities are represented as green arrows, from Palano et al.
(2015). b) Fault traces from the Quaternary Active Faults
of Iberia (QAFI) database (Garcia-Mayordomo et al., 2012)
and other sources (Canari et al., 2024; Gracia et al., 2019;
Perea et al., 2018; Moreno et al., 2016; Estrada et al., 2017)
are represented as black lines, with the main faults of the
Eastern Betics Shear Zone and Trans-Alboran Shear Zone
highlighted in color. c) Detail of the block between the Alpu-
jarras Fault Zone and the Carboneras Fault. CF: Carboneras
Fault. AFZ: Alpujarras Fault Zone. PF: Palomares Fault. AMF:
Alhama de Murcia Fault. BSF: Bajo Segura Fault. AlF: Al-
Idrissi Fault. AF: Adra Fault. AvF: Averroes Faults. DF: Dji-
bouti Faults. LVF: Loma del Viento Fault. NSF: North-South
Faults. AR: Alboran Ridge. PEF: Punta Entinas Fault. LLAF:
Llano del Aguila Fault. YF: Yussuf Fault. IGN02: epicenter for
the 1804 Alboran earthquake located by Martinez Solares
and Mezcua Rodriguez (2002). Molinal8: epicenter for the
1804 Alboran earthquake located by Molina et al. (2018).

allel strike to it and showing similar left-lateral strike-
slip kinematics is the Djibouti Fault (DF) (Canari et al.,
2024; Gracia et al., 2019). East of this sector of the
AIF is the Averroes Fault (AvF) and its associated North
Averroes Faults. The AvF is a WNW-ESE fault with a
main right-lateral strike-slip component, although it be-
comes a normal fault towards the western tip line (Ca-
nari et al., 2024; Perea et al., 2018; Moreno et al., 2016;
Estrada et al., 2017). Further north in the continent,
the Alpujarras Fault Zone is also an important struc-
ture in this area: an E-W, strike-slip, right-lateral cor-
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ridor composed of several faults, some of which have
been active in the Quaternary (Echeverria et al., 2015;
Martinez-Martinez, 2006; Sanz de Galdeano et al., 1985,
2020). The Alpujarras Fault Zone and the CF are the
northern and south-eastern limits of a complex crustal
block which is divided in smaller, rotating blocks delim-
ited by oblique (normal-strike-slip) faults trending NW-
SE (Martinez-Diaz and Hernandez-Enrile, 2004). The
smaller NW-SE faults control several Neogene basins,
such as the Campo de Dalias (Figure 1). Among these
NW-SE faults are the Loma del Viento Fault (LVF) (Pe-
drera et al., 2012; Murphy Corella, 2019; Martinez-Diaz,
1999; Marin-Lechado et al., 2005; Garcia-Mayordomo
et al., 2012), the Llano del Aguila Fault (LLAF) (Molins-
Vigata et al., 2022), the Adra Fault (AF), the Balanegra
Fault (BF) (Gracia et al., 2006, 2012; Martinez-Diaz and
Hernandez-Enrile, 2004; Marin-Lechado et al., 2010;
Sanz de Galdeano et al., 2020) and the Punta Entinas
Fault (Gracia et al., 2006, 2012; Garcia-Mayordomo et al.,
2012), which all share normal-dextral kinematics.

2.2 The 1804 Almeria seismic series

In 1804, two seismic series occurred in the Campo de
Dalias area and its offshore proximity (Figure 1), one
in January and the other in August. These series are
usually known as the 1804 Almeria seismic series. The
mainshock of the January series, which is the focus
of this work, occurred on the 13" and was felt at sev-
eral locations along both the south Iberian Peninsula’s
and north African coasts (Espinar Moreno, 1994; Mur-
phy Corella, 2019). The mainshock of the August series
occurred on the 25" near the city of Dalias (Figure 2),
and its most likely source appears to be a conjunct rup-
ture of the Loma del Viento Fault (LVF) and the Llano
del Aguila Fault (LLAF) (de Pro-Diaz et al., 2023).

The 1804 Almeria seismic series were extensively re-
searched by Murphy Corella (2019). This author recov-
ered historical documents describing the effects of the
earthquakes and their consequences in the affected ar-
eas and analyzed these records in order to assign EMS-
98 intensity values to each site. The author also in-
cluded data from geological effects—such as hydrogeo-
logical anomalies, scarps, and fissures, and others—to
assign ESI-07 intensity values. Although this author
focused mainly on the 25" August earthquake, which
was the most damaging of the series, he also addressed
the 13" January earthquake in his analysis, as well
as the strongest aftershocks in both the January and
August series. In the following paragraph, we trans-
late and summarize some of Murphy Corella (2019)’s
research regarding the 13th January earthquake, for
which he compiled an intensity dataset of 26 points,
which when combined with the macroseismic intensity
field of Martinez Solares and Mezcua Rodriguez (2002),
makes a total of 30 intensity data points (Figure 2). This
is the observed intensity field that we use in our analy-
sis.

The most affected town was Motril (Igms.og VII) (Fig-
ure 2), where the sea was described to withdraw 22
varas (~18 m), and the earthquake caused “ruins and
two deaths”, it being the only site with confirmed casu-
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alties for the 13™ January earthquake. Records address-
ing the effects in Motril also include the arrival time of
what can be identified as the different seismic waves:
an east to west “perpendicular movement” at 5:53 pm,
“trepidation” after 14-16 seconds for about 4-5 seconds,
and then more than 20 seconds of “strong undulation
movement”x with “underground noise”. Because of the
seismological interest of these records, this event was
known as the Motril earthquake for some time. Motril’s
citizens camped outside town in fear of the shaking until
the aftershocks stopped by the end of February. Records
from the coastal town of Adra (Igms.os VII) (Figure 2) de-
scribe how the earthquake was felt by the population,
as well as a “disturbance in the sea, which was shaken
with noisy movement, which completely ceased” af-
ter each shock of the January series. In the towns of
Berja and Dalias (Igysog VI-VII) (Figure 2), historical
records (Murphy Corella, 2019) describe damage in sev-
eral buildings after the January mainshock, including
the four churches in these two towns. Fear of this earth-
quake and its subsequent aftershocks drove the people
of these two localities to camp outside town for a whole
month until the so called “tremors” stopped, and dam-
age could be fixed during spring season. Certain build-
ings were severely damaged in Roquetas (Igysos VI).
Records from the city of Almeria’s municipal archive
(Igms-os VI) (Figure 2) report extensive damage to the
whole building stock, although there were no casual-
ties. The earthquake was also felt in Malaga (Igys.os
V-VI) (Figure 2), where “startled people occupied the
streets and squares”, as well as in several cities far from
the epicentral area, like Sevilla, Melilla (Figure 2) or
even Madrid, more than 400 km north of the epicen-
tral area (Murphy Corella, 2019). These are the most
known sites where the earthquake was felt and caused
damage, but its effects are reported in more localities
(Figure 2). A more detailed translation of the reported
effects at these sites and some others can be found in
Table S1 of the supplement.
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Figure 2 Intensity field of the Alboradn earthquake of
13t January 1804 compiled by Murphy Corella (2019) and
combined with Martinez Solares and Mezcua Rodriguez
(2002). IGN02: epicenter estimated by Martinez Solares and
Mezcua Rodriguez (2002). Molinal8: epicenter estimated by
Molina et al. (2018).

Two different locations have been proposed for the
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epicenter using intensity data: 36.083 °N, 3.583 °W by
Martinez Solares and Mezcua Rodriguez (2002), esti-
mated from the center of the highest intensity area with
aprevious and less rich dataset; and 36.45 °N, 3.40 °W by
Molina et al. (2018), who used Murphy Corella (2019)’s
data and also considered the reported S-P arrival time
difference from Motril (Figure 2). As stated before, dif-
ferent authors have proposed magnitudes of Mw 6.3-6.7
for this earthquake also using intensity data for their
estimations (Martinez Solares and Mezcua Rodriguez,
2002; Posadas et al., 2006; Mezcua et al., 2013). As for
the seismic source, Espinar Moreno (1994), Martinez So-
lares and Mezcua Rodriguez (2002), Molina et al. (2018),
and Murphy Corella (2019) all agree on an offshore
source based on the damage distribution at both the
Spanish and Moroccan coasts, as well as the tsunami re-
ports (IGN, 2024). Murphy Corella (2019) proposed the
offshore extension of the LVF as a possible source for
this earthquake, although this is not the closest fault
to the epicenters estimated by Martinez Solares and
Mezcua Rodriguez (2002) and Molina et al. (2018) (Fig-
ures 2 and 3). No evidence of surface rupture has been
found inland so far for this earthquake, which may sup-
port the offshore source hypothesis.
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Figure 3 Fault segments chosen as candidate faults for
the 1804 Alboran earthquake. Fault parameters are pre-
sented in Table 1. Candidate faults are named as follows:
Al, A2: Adra Fault ruptures; Al1 and Al2: Al-Idrissi Fault rup-
tures; AV1, AV2: Averroes Fault ruptures; B: Balanegra Fault
rupture; C1, C2, C3: Carboneras Fault ruptures; D1 and D2:
Djibouti Fault ruptures; LV1, LV2: Loma del Viento Fault rup-
tures.

3 Methodology

In this work, we have used the seismic scenario method
proposed by de Pro-Diaz et al. (2022, 2023) for constrain-
ing the earthquake source through the use of seismic
scenarios and the observed intensity field. We have also
added an extra step using Coulomb stress transfer anal-
ysis to be used as an additional criterion to rank the pre-
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ferred scenarios. The methodology is composed of four
steps:

1. Search for possible sources. The original method-
ology in de Pro-Diaz et al. (2023) uses Gasperini et al.
(1999, 2010)’s method and their Boxer software to cal-
culate the most likely area of the surface where the
seismic source might be located (called “boxer”). The
boxer is compared with known active faults to search
for faults that partially or totally overlap, which are con-
sidered as possible sources for the earthquake (“candi-
date faults” henceforth). However, the spatial distribu-
tion of intensity data in an offshore earthquake might
compromise the boxer results, so this approach cannot
be applied to the 1804 Alboran earthquake. In this work,
candidate faults are selected among known active faults
documented by other authors, as well as the ones in-
cluded in the QAFI database by Garcia-Mayordomo et al.
(2012) (updated 2022). Candidate faults for this earth-
quake must be mainly offshore, close to the epicenter
and/or the highest shaking intensity data points, and
long enough to produce at least an My 6.3, the mini-
mum magnitude proposed by independent authors for
this earthquake.

2. Seismic scenarios. We build seismic scenarios
for each one of the candidate ruptures using the Open-
Quake software (Pagani et al., 2014). OpenQuake takes
My, geometry, position and rake of the rupture, as well
as position of the hypocenter as input data. Using a
ground-motion model (GMM), it produces a regular grid
of points over the study area, each containing estimates
of ground motion—in this work, peak ground accelera-
tion (PGA) and peak ground velocity (PGV). Since nowa-
days most GMMs take into account soil types through
Vss3o (time-averaged shear-wave velocity in the upper 30
m of crust), we also input the Vg3o model of Allen and
Wald (2007). Then, using ground-motion-to-intensity
conversion equations (GMICEs), we estimate the in-
tensity values that would be caused by the simulated
ground motion. In this work, we tested two GMMs:
Campbell and Bozorgnia (2014) and Akkar and Bommer
(2010). The Campbell and Bozorgnia (2014) GMM was
recommended for this area by Quirés Hernandez (2017)
and has shown good results before with similar method-
ologies (de Pro-Diaz et al., 2023). It was built using data
from the PEER NGA-West2 database (Bozorgnia et al.,
2014), which contains seismic records from magnitude
3.3 to 7.5-8.5 earthquakes with a wide variety of focal
mechanisms in California and all over the world. Al-
though normal faulting is slightly less represented than
reverse and strike-slip faulting. The Akkar and Bommer
(2010) GMM, on the other hand, was built using data
from this study region and the rest of the Mediterranean
with a magnitude range of 5 to 7.6 and significantly less
representation of reverse faulting than normal or strike-
slip faulting. As for the GMICE, we tested Worden et al.
(2012) and Caprio et al. (2015). Worden et al. (2012)
showed good results before in de Pro-Diaz et al. (2023),
although it was developed using data mainly from North
America, while Caprio et al. (2015) was developed us-
ing data from the Mediterranean region and includes
regional corrections. Each scenario is then compared
to the observed intensity field using this equation:
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Rupture Strike (°) Dip (°) Rake (°) Area (km?) Length (km) Fault SD (km) Epicenter My
Origin
Al 122 80 —135 285 19 36.6613°N 0-15 36.6613°N 6.7
3.0956°W 3.0956°W
A2 122 80 —135 285 19 36.6613°N 0-15 36.6613°N 6.9
3.0956°W 3.0956°W
All 205 80 S 1100 55 36.348°N 0-20 36.348°N 7.0
3.271°W 3.271°W
AI2 212 80 S 1520 76 36.602°N 0-20 36.348°N 7.0
3.052°W 3.27T1°W
AVl 290 80 —180 490 49 36.2286°N 0-10 36.2286°N 6.7
3.3106°W 3.3106°W
AV2 290 80 —180 490 49 36.2286°N 0-10 36.2286°N 7.0
3.3106°W 3.3106°W
B 134 70 —135 240 20 36.6233°N 0-12 36.6233°N 6.7
2.7967°W 2.7967°W
C1 62 90 0 228 19 36.292°N 0-12 36.346°N 6.7
3.059°W 2.980°W
C2 63 90 0 240 21 36.387°N 0-12 36.387°N 6.7
2.885°W 2.885°W
C3 53 90 0 264 22 3af6.4868°N  0-12 36.4868°N 6.7
2.6869°W 2.6869°W
D1 31 90 0 480 48 36.3563°N 0-10 36.3563°N 6.7
3.4464°W 3.4464°W
D2 31 90 0 480 48 36.3563°N 0-10 36.3563°N 7.0
3.4464°W 3.4464°W
LV1 121 80 35 297 27 36.7511°N 0-12  36.7511°N 6.7
2.7089°W 2.7089°W
LV2 121 80 35 297 27 36.7511°N 0-12  36.751°N 6.9
2.7089°W 2.7089°W

Table1 Fault parameters for the eight proposed candidate ruptures considered as possible sources for the Alboran earth-
quake. The fault traces are presented in Figure 3 and named as follows: Al, A2: Adra Fault ruptures; Al1 and Al2: Al-Idrissi
Fault ruptures; AV1, AV2: Averroes Fault ruptures; B: Balanegra Fault rupture; C1, C2, C3: Carboneras Fault ruptures; D1 and
D2: Djibouti Fault ruptures; LV1, LV2: Loma del Viento Fault ruptures. SD: seismogenic depth (upper-lower) from the QAFI
database (Quaternary Active Faults of Iberia; Garcia-Mayordomo et al., 2012).

Robs—rup = Iobs — Irupa (1)

where I, is the observed intensity value, and I is the
simulated intensity value sampled from the same loca-
tion as /. The scenario that shows Rops_ryp closest to
zero, as well as the most similar spatial pattern to [,
would be the one that best fits the observed effects of
the earthquake. This means the candidate rupture upon
which the best-performing scenario was built would be
the closest to the actual seismic source of the earth-
quake. If two or more scenarios show Rops_ryp €qually
closer to zero, and both their spatial patterns fit that of
I 4ps, We proceed on to step 3 with those scenarios (“com-
peting scenarios” henceforth).

3. Differential zones. We compare the compet-
ing scenarios to find the areas in which they differ
from each other, or “differential zones”. If there are
enough I, data points inside the differential zones,
we perform a Kolmogorov-Smirnov (K-S) statistical test
(Massey, 1951) to evaluate the likeness of the data distri-
butions sampled inside these areas from I,,s and each

6

seismic scenario. The aim is to find the scenario which
is statistically more similar to I.,s. If there are not
enough data points inside the differential areas, we pro-
ceed on to step 4 with the candidate ruptures for the
competing scenarios. The statistical analysis should not
be performed for a differential zone if there are less
than 10 points inside it.

4. Coulomb stress transfer. We model the static
stress change (ACFS) associated with the ruptures se-
lected as candidates using the Coulomb 3.4 software
(Toda et al., 2011) and the Okada (1992) equations
for dislocations in an elastic half-space following the
methodology described by King et al. (1994) and Har-
ris (1998). For the ACFS calculations, we use a 0.4 ap-
parent friction coefficient (Harris, 1998). We also model
the source for the 25" August earthquake proposed by
de Pro-Diaz et al. (2023), which we call rupture August.
We then calculate the ACFS produced along rupture Au-
gust by each of the modeled candidate ruptures for the
January event. We assume the 13™ January earthquake
might have triggered the 25™ August earthquake, based
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on their closeness in space and time. Under this as-
sumption, the rupture which produces the largest area
of positive ACFS along rupture August will be consid-
ered as the closest to the actual source of the 13t Jan-
uary earthquake.

4 Results

4.1 Search for possible sources

Following the hypothesis of the offshore source, can-
didate faults for the 1804 Alboran earthquake have
been selected among faults with Quaternary activity
evidence included in the QAFI database compiled by
Garcia-Mayordomo et al. (2012) (last updated in 2022),
but also from those documented by Canari et al. (2024)
and Gracia et al. (2019). Candidate faults must have
been active and be located less than 40 km away from ei-
ther the highest intensity points (/ max VII) or the epicen-
ter proposed by Molina et al. (2018), since these authors
consider the S-P arrival time in their calculations. The
selected faults are the Balanegra Fault (BF), the Adra
Fault (AF), the northern sector of the Al-Idrissi Fault
(AIF), the Averroes Fault (AvF), the Djibouti Fault (DF),
the sea extension of the Loma del Viento Fault (LVF),
and three different sectors of the Carboneras Fault (CF).

For the AF, AvF, DF, BF and LVF we use the maxi-
mum mapped length for which geomorphological ev-
idence has been reported in the bibliography. We di-
vide the CF into segments with lengths according to the
earthquake’s magnitude using the empirical relations of
Stirling et al. (2002) and Wells and Coppersmith (1994).
For the AIF scenario, we try two possible variations:
first, AlIl is a slightly larger area comprising the north
and central segments; second, AI2 is an extension of
the north segment linking with the North-South Faults
(NSF) considering the possibility that these faults con-
stitute a shallow sinistral shear zone related to a deeper
fault that could be the northward continuation of the
ATF (as proposed by Gracia et al., 2019).

Initially, for most of the ruptures we tried the high-
est magnitude proposed in the bibliography, My 6.7.
However, as it will be shown later, intensities generated
using this magnitude slightly underestimated I,s, and
some of the ruptures had areas which could generate
higher Mw according to Stirling et al. (2002)'s and Wells
and Coppersmith (1994)’s empirical relationships. This
was the case for the AF, AvF, DF and LVF. For these rup-
tures, we also try these higher magnitudes. In the case
of the AIF, both candidate ruptures were built initially
with Mw 7.0 because of their larger area and more dis-
tant location to the coast, which might have attenuated
the intensity at the [, sites.

We have considered a total of fourteen different can-
didate ruptures, which are shown in Figure 3. Each can-
didate’s fault parameters are presented in Table 1. Rup-
tures have been named using the initial letters of the
rupturing fault, so rupture B for instance corresponds
to the Balanegra Fault. Rupture Al corresponds to the
Adra Fault with My 6.7, and rupture A2 corresponds to
the same fault with the maximum My calculated for its
area with the aforementioned empirical equations. The
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same applies for the Loma del Viento Fault and ruptures
LV1 and LV2, as well as the Djibouti Fault and ruptures
D1 and D2, and the Averroes Fault and ruptures AV1 and
AV2. As for the Carboneras Fault, ruptures C1, C2, and
C3 correspond to three consecutive sectors of the fault
with similar areas and M 6.7.

The methodology proposed by de Pro-Diaz et al.
(2022, 2023) included the use of Gasperini et al. (1999,
2010)’s method to search for candidate faults, but as
stated before, this method cannot usually be applied
to offshore earthquakes. For the convenience of any
reader interested on this issue, we calculated the boxer
for the 1804 Alborian earthquake and present the re-
sult in Figure S1 of the supplement of this work. The
boxer result, as expected, does not resemble any known
fault in the area, active or not, and it is located mostly
onshore in disagreement with the consensus of an off-
shore earthquake source. This result has not been con-
sidered in the analysis and is only presented as an exam-
ple of applicability limitations of the Gasperini method.

4.2 Seismic scenarios

Seismic scenarios built for each of the candidate rup-
tures presented in Table 1 are shown in Figures 4, 5 and
6. Overall, no scenario shows an optimal correspon-
dence with I, spatial distribution. PGA-based scenar-
ios predict higher intensities near the epicenter, while
PGV-based scenarios seem to attenuate intensity less
with the distance to the fault resulting in larger isoseis-
mal areas.

Figures 7 and 8 show the residuals between observed
and simulated intensity (R,ps-ryp) for all the scenar-
ios using the best-performing combination of GMM-
GMICE (Figure 7) and the combination that performed
the poorest (Figure 8). In Figures 7 and 8, the dots repre-
sent the average of the residuals for each scenario, while
the error bars represent the standard deviation. Scenar-
ios that are more similar to /s will have Rgps_ryp closer
to 0 and narrower standard deviation bars. A scenario
that is underestimating intensities will show Rops_ryp >
0, while a scenario that overpredicts intensities will on
the other hand show Ropsryp < 0. The combination
of Akkar and Bommer (2010)’s GMM and Caprio et al.
(2015)’s GMICE performed consistently better in terms
of residuals, so all scenarios presented in this work
are built on this GMM-GMICE combination. Scenarios
built on any other combination systematically underes-
timated intensities for all candidate ruptures, so they
have not been used in the rest of the analysis. For the
convenience of the curious reader, we show scenarios
built on the worst-performing combination, Campbell
and Bozorgnia (2014)’s GMM and Worden et al. (2012)’s
GMICE, in Figures S2, S3 and S4 of the supplement of
this work.

Figure 7 shows the differences between the 14 scenar-
ios and between PGA-based and PGV-based simulations.
Asitis shown in Figures 4, 5 and 6, PGA-based scenarios
seem to slightly underestimate intensities, while PGV-
based scenarios show Rqps_ryp closer to 0 and with nar-
rower standard deviations. A wider standard deviation
is linked with a bigger discrepancy between I, spatial
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Figure 4 Seismic scenarios built for candidate ruptures
Al and A2 (Adra Fault), and Al1 and AlI2 (Al-Idrissi Fault).
The dots correspond to the observed intensity recordings.
Both the simulated scenario and the observed intensity
data points are in the same color palette.

pattern and the scenario’s intensity spatial pattern. This
can also be seen in Figures 9 and 10, which show the
histograms of each scenario’s Rops—rup (PGA-based sce-
narios in Figure 9, PGV-based scenarios in Figure 10).
For instance, scenario LV1 and A1’s average Rops_rup are
both similarly close to 0 (Figure 7) because both sce-
narios predict a range of intensities that overall is close
to Iops. However, LV1's simulated intensity values dif-
fer from I, values precisely on the sampling locations,
and because of this, scenario LV1's standard deviation is
wider than Al's. In other words, the range of simulated
intensities for LV1 may be correct, but the values them-
selves are notin the correctlocation. The same happens
with the rest of the scenarios that show discrepancies
with the [, spatial pattern in Figures 4, 5 and 6.

Scenarios Al and A2 (Figure 4) seem to have a good
fit with I, spatial distribution in the epicentral area,
although PGV-based scenarios show better agreement
with the observed data than PGA-based ones. In both
PGV-based Al and A2 scenarios, the simulated VII iso-
seismal includes all I ,ps VII points. Additionally, in PGV-
based A2 scenario, most of the I,s VI are also inside the
simulated VI isoseismal, with the exception of the two
points in the African coast and the westernmost one in
the Iberian coast. In PGA-based scenarios, most I, VI
points are inside the simulated Visoseismal. Itis not an
optimal correspondence, but PGV-based scenario A2’s
performance is good enough to consider the Adra Fault
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Figure 5 Seismic scenarios built for candidate ruptures
AV1 and AV2 (Averroes Fault), and C1 to C3 (Carboneras
Fault). The dots correspond to the observed intensity
recordings. Both the simulated scenario and the observed
intensity data points are in the same color palette.

as a possible and likely source for the Albordn earth-
quake.

Scenarios AIl and AI2 (Figure 4) also show an overall
good fit with 7, spatial distribution, except for PGA-
based scenario AIl, in which almost every I,y > VI
point is in a simulated isoseismal one degree lower.
Most of the I,ps VII points in PGV-based scenario All,
however, are inside the simulated VII isoseismal; all of
the Ips VI points are inside the simulated VI isoseis-
mal, including those in the African coast. In PGA-based
scenario AI2, most of the [, VII points are inside the
simulated VII isoseismal, but the majority of the I
VI points are inside the simulated V (instead of VI) iso-
seismal. The best performing scenario for the AIF is
clearly the PGV-based AI2: almost all of the s VII
and VI are inside their corresponding simulated isoseis-
mals. Because of this, we consider the Al-Idrissi Fault
as a highly likely source for the Alboran earthquake.
Between the two proposed variations, the northwards
extension (AI2) seems to have the best correspondence
with I, spatial distribution.

Scenarios AV1 and AV2 (Figure 5) show the clearest
discrepancy among all scenarios presented here with
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Figure 6 Seismic scenarios built for candidate ruptures B
(Balanegra Fault), D1 and D2 (Djibouti Fault), and LV1 and
LV2 (Loma del Viento Fault). The dots correspond to the ob-
served intensity recordings. Both the simulated scenario
and the observed intensity data points are in the same color
palette.

1,5 spatial distribution at both the near field and the
far field. The simulated VII isoseismal does not reach
the Iberian coast nor any of the 7, VII points in any of
the cases, and the simulated VI isoseismal only reaches
some of the I, VI and VII in the PGV-based scenarios.
Because of these differences, we discard the Averroes
Fault as a possible source for the Alboran earthquake.

Scenarios C1, C2, and C3 (Figure 5) share a similar is-
sue with the simulated VII isoseismal not reaching (or
barely reaching) the I, VII points, which are located
inside the simulated VI isoseismal in the best-fitting
case (PGV-based scenario C2) and inside the simulated V
or even IV isoseismals in all the other cases. Moreover,
the simulated VI isoseismal does not reach the African
coast in any case, and for scenario C3 there are some
I,ps VI points inside the simulated VII isoseismal. Be-
cause of all of this, we consider the Carboneras Fault as
an unlikely source for the Alboran earthquake.

The simulated VIII isoseismal in scenario B (Figure 6)
reaches the Iberian coast, leaving some s VII points
inside this simulated isoseismal. In the PGA-based B
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Figure 7 Residuals Rops_rup for each of the scenarios for
the Alboran earthquake using the Akkar and Bommer (2010)
GMM and the Caprio et al. (2015) GMICE. The average resid-
ual is represented with a dot and the bars represent the
standard deviation. Black dots correspond to results from
scenarios with intensities calculated from PGA, and white
dots correspond to results from scenarios with intensities
calculated from PGV. The graph in the top shows residuals
calculated usingall I, data points as sampling points. The
graph in the bottom shows residuals calculated using only
points with Ips > VI as sampling points.

scenario, most of the I, VI points are in the simulated
V or IV isoseismal areas, and the simulated VII isoseis-
mal does not reach more than half of the I, VII points.
This issue is less pronounced in the PGV-based B sce-
nario, but this scenario still shows several 1,5 VI points
in the simulated V isoseismal, including those in the
African coast. Because of these differences we do not
consider the Balanegra Fault as a likely source for the
Alboran earthquake.

The simulated VII isoseismal in scenarios D1 and D2
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Figure 8 Residuals Rops_rup for each of the scenarios for
the Alboréan earthquake using the Campbell and Bozorgnia
(2014) GMM and the Worden et al. (2012) GMICE. The aver-
age residual is represented with a dot and the bars repre-
sent the standard deviation. Black dots correspond to re-
sults from scenarios with intensities calculated from PGA,
and white dots correspond to results from scenarios with
intensities calculated from PGV. Each scenario is labeled be-
low the dot.

(Figure 6) does not reach the Iberian coast, so all of
the s VII points there are located inside the simu-
lated VI isoseismal in the best-fitting case (PGV-based
D2 scenario). The simulated VI isoseismal does reach
the African coast and the I, VI points there. However,
the difference in spatial patterns at the Iberian coast
leads us to discard the Djibouti Fault as a likely source
for the Alboran earthquake.

Scenarios LV1 and LV2 (Figure 6) show a clear discrep-
ancy between /s spatial distribution and the simulated
isoseismals at the epicentral area. In the PGV-based LV1
scenario, most of the I, VII points are in the simulated
VI isoseismal area. There are also two I, VI points
inside the simulated VII isoseismal and even one [,
VI point and one [, VII inside the simulated VIII iso-
seismal, which reaches the Iberian coast. This spatial
discrepancy is even greater in the PGA-based scenarios,
with several I, VI points inside the simulated V iso-
seismal. The simulated VI isoseismal does not reach the
African coast in any of the LV scenarios. All these differ-
ences in the intensity spatial patterns lead us to discard
the Loma del Viento Fault as a possible source for the
Alboran earthquake.

Considering scenarios Al, A2, AIl, and AI2 show the
narrowest standard deviation and Rps—rp closest to 0,
as well as the slightly better fit of A2’s spatial pattern
versus Al’s, and AI2’s versus All’s, we moved on to the
next step of the analysis with A2 and AI2 as competing
scenarios.
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Figure 9 Histograms for the values of the residuals
Rops-rup of each PGA-based scenario.

4,3 Differential zones

We compare the competing scenarios selected in the
previous step, A2 and AI2, by analyzing their intensity
value distributions inside the differential zones: the ar-
eas in which two competing scenarios show different
intensity values (Figure 11). There are several differen-
tial zones for the competing scenarios, but only two of
them have I, data points inside: a smaller one north
of the candidate ruptures, and a larger one southwards.
There are only two [, data points inside the northern
area and a single point inside the southern one, which is
not enough for any statistical analysis. Because of this,
the third step of the methodology proposed by de Pro-
Diaz et al. (2023) could not be applied to the competing
scenarios. This means this methodology so far does not
allow us to discern the best candidate between A2 and
AlI2, so we moved on to the fourth and final step with
these two candidates.

4.4 Coulomb stress transfer

In this step, we model the static stress change (ACFS)
produced by ruptures A2 and AI2 on the fault plane that
may have ruptured during the 25™ August 1804 earth-
quake, which we call rupture August. This rupture in-
volves two faults, the Loma del Viento Fault (LVF) and
the Llano del Aguila Fault (LLAF) (de Pro-Diaz et al.,
2023). For this part of the analysis, we assume the 13
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Figure 11 Differential zones for scenarios A2 and Al2.

January and the 25" August shocks may be related by
a triggering process; this assumption is supported by
their closeness in time and space. If this assumption is
true, the rupture which causes ACFS > 0 on most of rup-
ture August’s fault plane would be the most likely source
of the January shock. For each ACFS calculation, we
measure the area with ACFS > 0 on rupture August.
Rupture A2 induced ACFS > 0 in a 353 km? area,
which is 65 % of rupture August’s surface. Maximum
ACFS in this case is 1.76 bar, and the average ACFS in
the loaded area is 0.67 bar. The stress increases on most
of the LLAF’s surface and on a wide band on the north-
ern half of the LVF, while it decreases on the northern
termination of the larger fault and on a shallow patch
on its southern half (Figure 12). Rupture AI2 induced
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ACFS > 0in a 254 km? area, which is 47 % of rupture Au-
gust’s surface. Maximum ACFS in this case is 1.14 bar,
and the average ACFSin the loaded areais 0.75 bar. The
stress increases over a wide band in the southernmost
sector of the LVF, and it decreases over most of the rest
of the larger fault and almost the entirety of the LLAF
(Figure 13).
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Figure 12 Coulomb static stress change model in rup-
ture August (Loma del Viento Fault + Llano del Aguila Fault)
caused by rupture A2 (Adra Fault).
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Figure 13 Coulomb static stress change model in rup-
ture August (Loma del Viento Fault + Llano del Aguila Fault)
caused by rupture Al2 (Al-ldrissi Fault + North-South Faults).
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5 Discussion

5.1 Earthquake source discussion and
methodology limitations

In this work, we have searched for the most likely source
of the 13" January 1804 Alboran earthquake combin-
ing different methodologies. First, we searched for doc-
umented active faults that might be possible sources
for the earthquake, or candidate faults (Gasperini et al.,
1999, 2010). Then, we built intensity scenarios for sev-
eral possible candidates to be the earthquake source
and compared each of them with the observed inten-
sity field, searching for the scenario that best agrees
with the actual earthquake effects, following de Pro-
Diaz et al. (2022, 2023)’s method. Finally, we used static
Coulomb stress change calculations to refine the re-
sults.

None of the scenarios built for the Alboran earth-
quake show an optimal correlation with the intensity
field’s distribution when using the seismic scenario
method, as seen in earlier works (de Pro-Diaz et al.,
2022, 2023), but scenarios AI2 and A2 showed the best
agreement with the intensity field distribution. How-
ever, the statistical tests could not be applied in the dif-
ferential zones step for these two competing scenar-
ios. This is due to the reduced amount of intensity
data points inside the differential areas (less than 10),
which has proven to be the main limitation of the seis-
mic scenario methodology. A similar issue appeared
while studying the 1680 Malaga earthquake (de Pro-Diaz
et al., 2023), another earthquake which showed an az-
imuthal coverage of 180° or less on its intensity field and
a high dispersion of the data points over a wide area.
Poor azimuthal coverage combined with high point dis-
persion of the intensity field are clearly the main limita-
tions of this methodology. These characteristics are typ-
ically present in offshore earthquakes, due to the spa-
tial bias of intensity data; although some earthquakes
of My > 7 may cause such shaking that even if the seis-
mic source is located offshore, there could be enough
intensity points inland to apply this methodology. This
was the case of the 1755 Lisbon earthquake, which was
studied by Silva et al. (2023) with a methodology slightly
different to the one used here but also based on build-
ing seismic scenarios and comparing them with the ob-
served effects of the earthquake.

The implementation of the Coulomb stress transfer
analysis step into the methodology is a parallel ap-
proach to strengthen the results and try to discern the
best candidate rupture when the intensity data’s az-
imuthal coverage is too poor. In this case study, assum-
ing that there was a triggering effect between the Al-
boran earthquake of January 1804 and the Dalias earth-
quake of August 1804 considering their closeness in
both space and time, our results with the Coulomb
stress transfer suggest the Adra Fault would be the most
likely source for the January shock. However, we must
bear in mind that this triggering is an assumption, and
its occurrence has not been demonstrated. We must
also remember that, despite none of the scenarios tried
in this work showing an optimal agreement with the in-
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tensity field, the intensity spatial distribution of scenar-
ios from the Al-Idrissi Fault extended along the North-
South Faults deformation zone seem to be slightly more
similar to the observed intensity distribution than the
scenario from the AF is. Furthermore, Gracia et al.
(2012) already linked the AF with the 1910 My > 6 Adra
earthquake. Considering the slow deformation rate in
the study area, a scenario with the northern segment of
ATF+NSF as the source of the 1804 Alboran earthquake
might be more probable than two Mw > 6 earthquakes
in a 100-year span in the AF. Thus, based on our results
and the antecedents of the area, we propose the combi-
nation of the Al-Idrissi Fault and the North-South Faults
as the most likely source of the Alboran earthquake of
13 January 1804.

5.2 Influence of GMM-GMICE choice

We have tried different combinations of two GMMs and
GMICEs in this work. When using Campbell and Bo-
zorgnia (2014)’'s GMM and Worden et al. (2012)’s GMICE,
none of the candidate ruptures generated intensities
high enough to match the observed earthquake effects,
not even with My higher than those proposed by other
authors (Figure 8). We considered four possible expla-
nations for this underestimation of the scenarios: a) the
best candidate was another unknown fault we were not
considering; b) the earthquake rupture might be longer
than the ones we were using, which would also increase
the magnitude; c) this earthquake could be a case in
which complex ruptures involving several faults or fault
segments lead to a higher energy release, and thus to
greater damage than expected, as was observed for the
Kaikoura earthquake of 2016 (e.g., Goded et al., 2017,
Kaiser et al., 2017; Stirling et al., 2017; Hamling, 2019);
and d) the GMM-GMICE combination was underesti-
mating the intensities.

The aforementioned absence of evidence for this hy-
pothetical unknown fault’s existence despite intense ac-
tive tectonics study in the area made option a) highly un-
likely; although it cannot be completely dismissed, we
do not have the resources to test it. We discarded op-
tion b) because there was no geomorphologic evidence
to further extend the fault traces of the BF, AF or DF; and
while the LVF could be extended inland, its intensity
spatial distribution would not agree with the observed
data. In addition to this, extending rupture AIl further
down the south of the AIF did not affect the predicted
intensity distribution in the Iberian Peninsula, only in
the African coast. As for the CF and AVF, their intensity
distribution does not match the observed data and in-
creasing the magnitude by extending the rupture would
not change this. Exploring option c) would require an-
other separate study on its own, so we did not address
this option in this work. We were then down to option
d): the GMM-GMICE combination being the source of
theissue. Testing the GMM of Akkar and Bommer (2010)
and the GMICE of Caprio et al. (2015) supported op-
tion d): the predicted intensities increased significantly
in all of the scenarios, with some of them showing a
rather good agreement (although not optimal) with the
observed intensity distribution. An example of this is
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shown in Figure 14 with the AI2 scenario. The Campbell
and Bozorgnia (2014) and Worden et al. (2012) combina-
tion was recommended by de Pro-Diaz et al. (2023) using
the Lorca earthquake of 2011 as a calibration event, but
this was a Mw 5.2 earthquake generated by an inland
fault and much smaller than the Alboran earthquake.
Because of these differences between the two events,
the initial GMM-GMICE combination was most likely
not adequate for a Mw > 6 earthquake. This testing
highlights the importance of choosing a GMM-GMICE
combination that is representative of the study area. A
revision of the scenarios presented in de Pro-Diaz et al.
(2023) with the Akkar and Bommer (2010) GMM and the
Caprio et al. (2015) GMICE might be interesting for fu-
ture works.

Akkar & Bommer (2010) Campbell & Bozorgnia (2014)

and Caprio et al. (2015)

and Worden et al. (2012)
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Figure14 Comparison of the Al2 scenario built on two dif-
ferent combinations of GMM and GMICE. The observed in-
tensity field is superimposed in the same color palette.

5.3 Reported vs. modelled M,

Even with the best performing GMM-GMICE combi-
nation, most scenarios using a My equal to the maxi-
mum value calculated by other authors seem to under-
estimate the intensity values at some of the I, data
sites, especially the I.ps VI points farther from the epi-
central area. Martinez Solares and Mezcua Rodriguez
(2002), Posadas et al. (2006) and Mezcua et al. (2013) es-
timated this earthquake’s magnitude using Bakun and
Wentworth (1997)’s method, which uses macroseismic
data from a large number of earthquakes in the same
area to calculate an equation that relates the maxi-
mum observed intensity at the macroseismic epicen-
ter with magnitude. This method, just like Gasperini
et al. (1999, 2010), requires a good azimuthal coverage
of the intensity observations around the epicenter of
the earthquake of interest; otherwise, the macroseis-
mic epicenter might be mislocated, and the observed
intensity used to calculate the magnitude would not be
the maximum intensity, thus leading to underestimat-
ing the magnitude. The unreliability of this kind of cal-
culation when intensity data are scarce and so heteroge-
neously distributed over the study area, as in this case,
has been shown before in this study and in previous
work (de Pro-Diaz et al., 2023). It is therefore possi-
ble that Martinez Solares and Mezcua Rodriguez (2002),
Posadas et al. (2006) and Mezcua et al. (2013) underesti-
mated this earthquake’s magnitude. In addition to this,
according to the equations of Stirling et al. (2002) and
Wells and Coppersmith (1994), Mw > 6.7 is plausible
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for the considered rupture areas in the best perform-
ing scenarios in this work. In the case of the AIF, Gracia
et al. (2019) noted this fault’s potential to generate My
> 7 earthquakes. We may never know with precision
whether the actual My was 7.0, 6.9, or a lower num-
ber, considering this is a pre-instrumental earthquake.
However, our results show that Mw < 6.9 might not
explain the observed damage distribution, but higher
magnitudes in any of the nearby faults would. This pos-
sibility should be considered in future seismic hazards
assessments in this area. The proposed methodology
could also be applied to better state uncertainties in My
calculations for offshore historical earthquakes.

6 Conclusions

We have applied the seismic scenario method and
Coulomb stress transfer analysis to investigate the most
likely source of the 1804 Alboran earthquake. The seis-
mic scenario method allowed us to discard 12 out of
14 possible candidate ruptures, but the observed inten-
sity field was too scarce and lacked the azimuthal cov-
erage needed to discern the best candidate among the
remaining two (the Adra Fault with My 6.9, and the
Al-Idrissi plus North-South Faults with My 7.0). The
results of the Coulomb stress transfer analysis allowed
us to rank these two candidates, but only with the as-
sumption of an unproven triggering effect between the
Alboran shock of 13™ January and the Dalias shock of
25™ August. In the end, considering our results and
the seismicity antecedents of the area, we propose the
combination of the northern Al-Idrissi Fault segment
with the North-South Faults as the most likely source
for the 1804 Alboran earthquake. The Alboran earth-
quake might have had a higher magnitude than the val-
ues proposed by other authors (Mw 6.9-7.0 compared
to My 6.3-6.7), although more research is needed into
this issue.

The proposed methodology has proven to be useful
when working with offshore earthquakes. This method-
ology may allow researchers to link historical earth-
quakes with their most likely responsible faults, even
in remote and inaccessible areas such as marine envi-
ronments. In order to work with this methodology, it is
crucial to use a GMM-GMICE combination that is rep-
resentative of the study area. Azimuthal coverage and
density of the intensity data are the main limitations of
the methodology.
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