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Abstract Understanding the crustal fault interaction and connection between earthquakes in areas with
slow tectonic deformation, such as Betic Cordillera (South Spain), is challenging. When seismic rates are low
and large destructive earthquakes happen less frequently, it is necessary to resort to historical or paleoseismic
records. This study investigates the postseismic viscoelastic relaxation mechanism as a potential explanation
for the occurrence of three historical earthquakes (I, VIII-IX) in the Eastern Betic Shear Zone during the
XVI-century, all of which occurred within a span of 13 years: 1518 Vera Mw6.2, 1522 Alhama de Almeria
Mw6.5, and 1531 Baza Mw®6.2 associated with the Palomares, Carboneras, and Baza faults, respectively.

The results strongly suggest a sequential stress-triggering connection between the three events. The northern
NS-oriented section of the Baza fault is found to have experienced a larger positive ACFS and, indeed, more
prone to rupture in 1531. The study also examines whether the cumulative ACFS had influenced the occurrence
of further significant earthquakes (>Mw®6.0) in the region. A triggering connection between the cascade

and the 1658 Almeria Mw6.2 earthquake is suggested, whereas no indications of similar linkage to the 1674
Lorca Mw6.0 or the 1804 Dalias Mw6.4 events are found. The stress triggering impact of the cascade over
nearby active faults is noteworthy. It is expected that this analysis could have future applications for studying
other important historical events, and improving seismic hazard analysis in complex fault settings of the Betic
Cordillera.

1. Introduction

The instrumental record for the Eastern Betic Shear Zone (EBSZ) indicates a relatively low-to-moderate seis-
mic activity rate; nevertheless, this area has experienced large earthquakes throughout history (Figure 1). In the
early XVI-century, three high-intensity destructive earthquakes caused massive damage and loss in several towns
of southern areas in the EBSZ. These events remarkably occurred within a brief span of fewer than 13 years
(between 1518 and 1531) and less than 90 km separation. Afterward, no similarly large earthquake (Mw > 6.0)
occurred in this area until the mid-XVII-century.

The occurrence of clusters of destructive events in history has been described frequently (e.g., Jia et al., 2023;
Marco et al., 1996; Nur & Cline, 2000; Pondard et al., 2007; Zohar et al., 2017), and static stress changes are
usually considered the mechanism driven this interaction (Stein et al., 1997). Stress changes of several bars are
common after relevant earthquakes (e.g., Harris & Simpson, 1992; Parsons et al., 2008; Segou & Parsons, 2020;
Toda & Stein, 2020), and changes as small as 0.1 bar are capable of triggering new events (Stein, 1999, and refer-
ences therein). In the case of faults, with low slip-rates (<1 mm/yr), the stressing rate is lower than 0.01 bar/yr. In
these cases 1 bar (0.1 MPa) of stress change imply a time advance of the nearby faults seismic cycle of hundreds
or thousands of years (Martinez Diaz, Bejar-Pizarro, et al., 2012; Martinez Diaz, Masana, & Ortufio, 2012).
Given that the EBSZ generally exhibits slow stress accumulation over its active faults, even minor changes in
the distribution of stress could have a notable effect on when neighboring faults rupture. Accordingly, exploring
the potential stress-triggering relationships among the three XVI-century earthquakes is essential for improv-
ing our understanding of long-term fault interactions within the slow tectonic stress buildup framework of the
EBSZ. Furthermore, it could contribute to the seismogenic characterization of the fault system and seismic
hazard assessments.
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Coseismic stress changes can be permanent (static) and transient (dynamic). Both types can cause earthquake
triggering (Belardinelli et al., 1999; Gomberg et al., 1998). At remote distances, the influence of coseismic
transient stress becomes more dominant (Cotton & Coutant, 1997; Gomberg et al., 1998), and it is shown that it
can trigger aftershocks for up to months (e.g., Hill et al., 1993; Kilb, 2000). On the other hand, the stress result-
ing from earthquake ruptures can induce further postseismic responses, including the afterslip that emerges as
an aseismic slip, or even aftershocks, on the causing fault or its extensions (Freed, 2007; Marone et al., 1991).
Another postseismic response occurs when the coseismic stress change in the brittle seismogenic layer (schizos-
phere) also transfers to the ductile deforming plastosphere (Scholz, 2019), where it relaxes through a viscoelastic
postseismic process, allowing the effect to propagate over longer distances (Burgmann & Dresen, 2008; Rydelek
& Sacks, 1990; Turcotte & Schubert, 2002). This relaxation occurs at a slow pace over decades, therefore the
viscoelastic coupling between lithospheric layers can influence large earthquake interactions over a longer time
scale (e.g., Freed & Lin, 2001; Nur & Mavko, 1974). In this study, only the effects of bulk viscoelastic relaxation
are examined. Due to the absence of surface deformation data, accounting for possible contributions from afters-
lip and/or localized shear zones within the plastosphere (Jin et al., 2023; Scholz, 2019) is not feasible.

Estimating the Coulomb failure stress change (ACFS) is a well-established method to analyze the plausible
stress-triggering influence between earthquakes (King et al., 1994; Nalbant et al., 1998; Toda et al., 2011). A
positive correlation between earthquakes and zones of positive static coseismic ACFS has been shown in multiple
studies (e.g., Deng & Sykes, 1996; Harris & Simpson, 1992; King et al., 1994; Reasenberg & Simpson, 1992;
Stein, 1999). In the past two decades, several authors have used the combined (static and viscoelastic) ACFS
estimation to explore the interaction between earthquakes within complex fault systems in long-term (e.g., Chéry
et al., 2001; Freed et al., 2006; Liu et al., 2022; Marchandon et al., 2021; Rydelek & Sacks, 2001; Sunbul, 2019;
Xiong et al., 2017). The combined ACFS expresses the effect of elastic rebound due to the static stress transfer
and the viscoelastic relaxation in the less viscous lower crust and lithospheric mantle. For instance, Verdecchia
et al. (2018) analyze several short-term and long-term earthquake cascades in the diffuse tectonic boundary along
the Apennines (central Italy) and remark on the role of viscoelastic stress transfer due to events of Mw > 6.5 on a
centennial timescale to conclude that several faults may be close to failure at present. Unraveling the postseismic
stress interactions in regions with low-to-moderate magnitude seismicity and very low deformation rates can be
particularly challenging, as the size of the postseismic ACFS is impacted not just by the rheology parameters of
the lithosphere but also by the magnitude of the provoking earthquake.

This research analyses the coseismic stress change and its postseismic response in the hot lower crust and upper
mantle viscoelastic flow during the succession of the three major earthquakes (Mw > 6.0) that occurred in the
XVI-century in the EBSZ. The 13-year time window of this cascade suggests that the viscoelastic relaxation of
the ductile lower crust, which typically occurs faster during the first one or two decades, may have significantly
impacted its occurrence. In order to estimate the combined ACFS, the study requires earthquake source mode-
ling and a good understanding of rheology, both of which pose difficulties in the EBSZ region. The subsequent
sections provide a detailed explanation of the methods employed to address these challenges. The findings of
this study strongly indicate the possibility of a stress-triggering connection between the three historical events
and spotlight the importance of both coseismic and postseismic stress estimations in identifying earthquake link-
age in the pre-instrumental period.

2. Geological Setting
2.1. General Tectonic Framework

The Betic Cordillera, along with the Alboran Sea and the Rif-Tell cordilleras in North Africa, conforms the
westernmost extension of the Alpine Orogen. Since the late Miocene, compressive regional stress governs
regional tectonics, with a NNW-SSE shortening that coexists with EW extensional tectonics in the Alboran
Sea. In this sector, the 5-6 mm/yr NNW- SSE current convergence between Nubia and Eurasia tectonic plates
(De Mets et al., 2015) distributes over a wide territory of complex tectonics conforming a diffuse contact show-
ing a moderate seismic activity (Figure 1). A main tectonic feature controlling present-day deformation is the
Trans Alboran-EBSZ, a prominent zone of strike-slip faulting, that separates the eastern and the western Alboran
sectors (De Larouziere et al., 1988; Silva et al., 1993).

There are a variety of geodynamic models proposing different evolutionary scenarios of the Betic-Atlas-Rif
system and the Alboran Basin, including those involving delamination of subducted continental mantle
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Figure 1. Seismotectonic and geographical context of the study area. The macroseismic epicenters of the XVI-century
earthquake cascade (1518, 1522, and 1523) are outlined in red. Black squares situate the towns associated with the highest
macroseismic effects related to these event. The location of towns affected by the 1518 Vera earthquake are indicated along
with their estimated intensities (Silva et al., 2019) (Vi: Villarricos; Ga: Gafarillos; Mo: Mojacar; Ca: Carboneras). The 1522
Alhama de Almeria event was felt with EMS intensity VIII-IX in many villages along the Alpujarras and Andarax valleys,

as well as in Almeria city. For this event the probable location of the epicenter along the carboneras fault trace on the base

of geological evidence (e.g., Masana et al., 2018; Reicherter & Becker-Heidmann, 2009) is also indicated. Other three
important events (Mw > 6.0) later cited in the text are also identified in the figure. Lines depict Quaternary-active faults from
Quaternary Active Faults Database of Iberia database (IGME, 2022) (AF:Adra Fault; AXF: Albox Fault; AMF: Alhama de
Murcia Fault; ACF: Almanzora Corridor Fault; BnF: Balanegra Fault; BF: Baza Fault; BoF: Botardo Fault; CF: Carboneras
Fault; EGF: East Gador Fault System; EAF: El Alquian Fault System; GF: Galera Fault; LVF: Loma del Viento—LLano del
Aguila Fault; PFn,s: Palomares Fault Northern and Southern sections; PoF: Polopos Fault). Earthquake catalog is declustered
and homogenized to Mw (Cabaiias et al., 2015; IGN & UPM, 2013).

lithosphere, rollback of the western Mediterranean subduction system and fragmentation and westward inden-
tation of the Alboran domain (De la Peiia et al., 2021; Diaz et al., 2021). The eastern Betic are subjected to the
indentation of the Alboran Domain, in which kinematics and tectonic fabric are differentiated from the Iberian
lithosphere (Palano et al., 2015; Tendero-Salmerén et al., 2022). The structure of the lithosphere in the eastern
Betic is characterized by the presence of two contrasting types, namely the Iberian and the Alboran types, as has
been evidenced in numerous geophysical studies (e.g., Banda & Ansorge, 1980; Banda et al., 1993; Carbonell
et al., 1995; Garcia-Dueiias et al., 1994). The Iberian type corresponds with the former Iberian plate continental
passive margin, which was overthrusted in Miocene times by the Alboran microplate leading to the formation
of the Betic orogen. The Iberian type corresponds to a well-structured three-layered continental crust, while the
Alboran one is a two-layered crust undergoing progressive thinning and heat flux increment toward the Alboran
Sea (Banda & Ansorge, 1980; De Lis Mancilla & Diaz, 2015; Fernandez et al., 1998; Garcia-Mayordomo, 2005;
Torne et al., 2015) and eventually turning to oceanic crust in the south Balearic basin (Comas Minondo et al., 1995;
Polyak et al., 1996; Poort et al., 2020). The role of a ductile lower crust in accommodating the differential defor-
mation between the Iberian continental crust and the Alboran domain is relevant, as evidenced by the significant
crustal thinning observed in seismic receiver function profiles (Morales et al., 2022) and in thermal modeling
results (Torne et al., 2023). Accordingly, rheological studies in different regions of Betic Cordillera show that the
thickness of the brittle and ductile portions of the lithosphere vary in a NW-SE as well as in ENE-WSW trend
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(e.g., Fernandez-Ibafiez & Soto, 2008; Garcia-Mayordomo, 2005; Soto et al., 2008; Weijermars, 1987). Negredo
et al. (2020) developed geodynamic models of the westernmost Mediterranean margin that included sensitivity
tests to different rheological configurations, all of which contained a relatively low-viscosity layer at lower crustal
levels. These studies clearly point to significant viscosity variations to explain the tectonics of the study area.

2.2. Seismicity and Active Faults

The study area is characterized by a moderate seismic activity. No earthquake with a magnitude of 7 or higher,
or equivalent macroseismic intensity, has been recorded in the IGN (National Geographical Institute of Spain)
earthquake catalog at shallow crustal levels. The first macroseismic assessment in this catalog dates back to 1048
AD, while archeoseismological evidence indicates earthquakes that occurred in the Neolithic and Roman periods
(cf. Silva et al., 2019). Although the first bulletin of instrumentally recorded events dates to 1924, the current
instrumental era did not officially begin until 1962 (cf. Gonzalez, 2017). Since 1920, any crustal earthquake with
epicenter in the study area has not exceeded a magnitude of Mw5.1.

Hence, the larger and more damaging events in the IGN catalog belong to the historical period, yielding diffi-
culties in determining the precise magnitude and location of earthquakes because they are usually assigned to
the regions with the most substantial damage based on the available information. Moreover, it is challenging to
establish the specific active faults responsible for generating historical earthquakes due to considerable uncer-
tainties, particularly when there is no univocal description in the chronicles of primary effects, such as a fault
surface rupture. Considering the enormous anthropogenic modification of the territory in Southern Iberia, it
is very unlikely that any such features would have survived until the present day. Fortunately, over the last few
decades, numerous studies on active tectonics and paleoseismological research have been developed in the area
(cf. Sanz de Galdeano et al., 2019). One significant outcome of these efforts is the development of the Quaternary
Active Faults Database of Iberia (QAFI) (Garcia-Mayordomo et al., 2012, 2017; IGME, 2022).

Quaternary-active faults in the Betic Cordillera are usually not longer than 30 km, striking NNW-SSE and NE-SW
primarily to ENE-SSW, and slip rates generally lower than 0.5 mm/yr (Garcia-Mayordomo et al., 2012, 2017,
IGME, 2022). An important exception to this general frame is the EBSZ (De Larouziére et al., 1988; Silva
et al., 1993) which extends in a sigmoidal shape along ca 500 km from the Alboran Sea to onshore Iberia and the
Mediterranean (Figure 1). This crustal-depth fault system is composed of a number of faults of different geome-
tries, trends, kinematics and slip rates, namely from SW to NE: Carboneras, Palomares, Alhama de Murcia, Los
Tollos, Carrascoy, and Bajo Segura. The most active faults of this system are the NE-SW 140 km long left-lateral
strike-slip Carboneras fault, and the NE-SW 87 km long left-reverse dip-slip Alhama de Murcia Fault, with
average slip rates of 1.3 and 1.6 mm/yr, respectively (Gomez-Novell et al., 2022; Martinez Diaz, Bejar-Pizarro,
etal., 2012; Martinez Diaz, Masana, & Ortufio, 2012; Moreno, 2010; Moreno et al., 2015). Bridging the 60 km gap
that separates both faults there is the NNE-SSW left-lateral strike-slip Palomares fault, with a contrasting slip rate
of 0.2 mm/yr (Gémez-Novell, 2021). The Baza Fault is another crucial tectonic feature in the study area (Alfaro
et al., 2008). This NNW-SSE to NW-SE normal fault lies in the central part of the cordillera disconnected from the
EBSZ, controlling the western margin of the so-called Baza basin formed in Neogene times (Sanz de Galdeano &
Vera, 1992). The Baza fault has also been the motive of paleoseismological studies demonstrating its seismogenic
character and constraining an average slip rate of 0.45 mm/yr (Medina-Cascales et al., 2020).

Apart from the EBSZ faults, there are other faults and fault systems relevant for the purpose of this study
(Figure 1). West of Carboneras Fault, there is the 36 km long El Alquidn normal faults system, a wide NW-SE
fault zone (5—10 km) controlling the termination of the Alhamilla Range, Andarax valley and the coastline. To the
west of the El Alquidn system, there is the East Gador normal fault system (ca 5 km wide), also striking NW-SE,
cutting across the Gador Range for ca 20 km until dipping in the sea (Pedrera, 2012). Finally ca 60 km north of the
Almeria area, in the Baza basin, there is the Galera fault (Medina-Cascales, 2021; Medina-Cascales et al., 2021).
This feature locates ca 10 km east of the Northern tip of the Baza fault striking nearly perpendicular to it. The
Galera fault is a left-lateral reverse fault that extends NE-SW for ca 30 km. Paleoseismological research on the
fault has found evidence of 3—7 events since 24,000 BCE (Medina-Cascales, 2021; Medina-Cascales et al., 2021).

2.3. The XVI-Century Earthquake Cascade

The 1518 Vera Earthquake: The 9 November 1518 earthquake (I, = VIII-IX; I ., = IX) known as the Vera event,
completely destroyed the ancient town of Vera (Almeria) and heavily damaged other towns and constructions
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(e.g., Villaricos, Garrucha, Mojacar, Carboneras) along the conspicuous NNW-SSE ca 30 km coastline controlled
by the Palomares fault (cf. Martinez-Solares & Mezcua, 2002; Silva et al., 2019) (Figure 1). The scarce histori-
cal documentation is heavily focused on describing the damage to the constructions and casualties. As a result,
no evidence has been found to support the occurrence of any environmental effects that could be attributed to
a surface fault rupture. The macroseismic epicenter of the earthquake is located at the site of the ancient Vera
town, which was founded on top of a very narrow and prominent hill, indicating a possible concurrence of ground
motion amplification (topographic effect) (Silva & Roquero, 2017). Nevertheless, the Vera event is very likely
related to the Palomares fault based on the damage distribution along the coast and also because it is the only
Quaternary-active fault in the area potentially capable of producing major events (Mw > 6.0) (IGME, 2022). The
magnitude of the Vera earthquake can be approximated with average of Mwo6.2 using the Cabaiias et al. (2015)
moment magnitude on EMS intensity relationships produced in the frame of the commission for the official
Spanish Hazard Map (IGN & UPM, 2013). The used magnitude for the Vera earthquake in this study is Mw6.2.

The 1522 Alhama de Almeria Earthquake: Less than 4 years after the Vera event, another major earthquake took
place in the area on 22 September 1522 (I, = VIII-IX; I .o, = IX). This earthquake was felt to a wider extent than
the Vera event. It caused severe damage in the city of Almeria on the coast and in many other towns located along
the Andarax River and Alpujarras valleys (Figure 1), adding up to more than 1,000 fatalities. The estimated aver-
age magnitude of the event is quoted in the IGN catalog as Mwo6.5 after Mezcua et al. (2004) (IGN & UPM, 2013).

Interestingly, there is a written record of sea anomalies in Almeria city as well as on the African coast that have
been interpreted as tsunami effects (Huerta & Silva, 2014). To the west of Almeria city, in Salinas de Cabo de
Gata, where the Carboneras fault comes into the sea, shallow drilling has identified tsunami deposits in cores
being the most recent dated coeval with the 1522 earthquake (Reicherter & Becker-Heidmann, 2009). These
authors suggest the strike-slip Carboneras fault (Masana et al., 2018; Moreno et al., 2015) as the source of the
1522 event, likely triggering submarine landslide that eventually generated the tsunami. However, recent mode-
ling of the Carboneras fault shows its potential for producing noticeable tsunamis, locally damaging, despite its
near pure strike-slip kinematics (Alvarez-Gémez et al., 2022).

The IGN catalog (Martinez-Solares & Mezcua, 2002) locates the macroseismic epicenter of the event on the steep
slopes of the Gador Range, at approximately a middle distance between the most affected towns located in the
Andarax and Alpujarras valleys, ca 24 km NW inland from Almeria city (Figure 1). Accordingly, some authors
suggest the Eastern Gador Range Fault System as a possible source for the 1522 event (e.g., Pedrera, 2012).
Nevertheless, the reason that most of the historical damage descriptions are from villages far from the Carboneras
fault zone can be explained due to the fact that this territory was poorly inhabited at that time compared to the
Andarax and Alpujarras valleys. Additionally, topographical site effects might well impact the villages on the
scarps slopes of those valleys in addition to widespread landslides phenomena (Huerta & Silva, 2014).

The Carboneras fault has been the subject of active tectonics research both onshore and offshore, evidencing
its Holocene activity (Lopez-Escudero et al., 2019; Masana et al., 2018; Moreno et al., 2015; Reicherter &
Hiibscher, 2007). Paleoseismological research has been able to infer a number of paleo-earthquakes attributed
to the fault. The most recent one was observed at trench T (Figures 1 and 6), offsetting 3.8 m a channel dated
coherently with the 1522 event; indicating a potential magnitude for the event around Mw7.0-7.2 and a 46-58 km
surface rupture length (Lopez-Escudero et al., 2018, 2019). Therefore in this study a range of magnitude (Mw6.5—
7.1) is applied for modeling this event.

The 1531 Baza Earthquake: Almost 9 years after the 1522 event, on 30 September 1531, a strong earthquake
occurred in the Granada Province. It caused ~400 deaths and practically destroyed the town of Baza, located ca
90 km far from the Palomares and Carboneras faults. The town of Baza is sited right on the Baza Fault zone,
which controls the western border of the Baza intermontane Neogene basin (Alfaro et al., 2008). Even though
there is no written description of a fault surface rupture there is general agreement that the Baza fault was respon-
sible for the 1531 event (cf. Garcia-Tortosa & Silva, 2017). Its estimated magnitude has an average of Mw6.2
(Cabaiias et al., 2015; IGN & UPM, 2013) which is the used magnitude in this study. Recent paleoseismological
work has evidenced the occurrence of at least seven paleoevents since 45,378 BCE (Medina-Cascales, 2021;
Medina-Cascales et al., 2020).

The Baza fault shows two distinct sections, the town of Baza is located approximately in the middle. The North-
ern section strikes NNW-SSE for ca 20 km bounding with the neighboring Guadix basin, while the Southern
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Table 1
Data Considered for Modeling the Occurrence of the Three XVI-Century Events (1518, 1522, and 1531) on Their
Respective Causative Faults (Palomares, Carboneras, and Baza)

Source fault

Event date Magnitude (M,) Name Strike/dip/rake L x W (km?)

9 November 1518 6.2 Palomares 14°/90°/10° 45 x 8
22 September 1522 6-5-7.1 Carboneras 48°/90°/10° 110 x 11
30 September 1531 6.2 Baza 341°%/65°/-90° 38 x 12

*Average value for a curved trace striking between 315° at SE and 370° at NW.

section extends NW-SE for ca 15 km, controlling the border with the Baza Range and conforming a 5-7 km wide
fault zone in which 13 different strands have been recognized (Medina-Cascales, 2021).

3. Data and Methodology

When an earthquake occurs, the two sides of a fault plane slide past each other, resulting in the emergence of an
altered deformation field. This coseismic deformation leads to a perturbation in the crustal stress field that can
modify the effective stresses on active faults, and cause advancing or delaying their rupture (Harris, 1998; King
& Cocco, 2001; Stein, 1999). Additionally, because the lithospheric layers (i.e., lower crust and upper mantle)
have lower viscosity, the yield coseismic stress changes in the elastic upper crust induce postseismic viscoelastic
relaxation in these layers. This process can either enhance or mitigate the coseismic built-up stress and alter the
stress-triggering effect over time (Burgmann & Dresen, 2008; Pollitz & Sacks, 1995, 1997). This time-dependent
process is modeled applying the following steps, from the day of the 1518 Vera earthquake and implying the three
events with data as given in Table 1. The average kinematics and geometry of the faults are adopted from QAFI
database IGME, 2022).

1. Configuration of the mechanical model of the lithosphere, with the specification of the thicknesses and rheo-
logical properties of each layer.

2. Configuration of a source rupture model representing the historic earthquake, consistent with generating-fault
geometry earthquake magnitude.

3. Computation of coseismic and postseismic deformation field resulting from the rupture described in step 2.

4. Analysis of combined (coseismic + postseismic) ACFS for the average strike/dip/rake of selected target fault
to evaluate whether there is stress-mediated interaction between distinct earthquakes over time, as subsequent
earthquakes contribute to cumulative combined ACFS.

This study does not include the ACFS because of inter-seismic processes.

3.1. Configuration of the Lithosphere

The lithosphere model used in this work (Table 2) is defined based on a combination of the so-called Cartagena
and Almeria crustal blocks as defined in Garcia-Mayordomo (2005). This two-layered crustal model represents
the thinning and heat flux increment that the Alboran-type lithosphere experiences toward the Alboran Sea and
the transition to an increasingly mafic lower crust in the Cartagena block. Rheological modeling indicates brittle

Table 2
Rheological Parameters Considered for the Six Tested Lithospheric Models

n (Pa s) for model

Thickness (km) v, (km/s)  V, (km/s)  p (kg/m3) m, m, m, m, my mg

Upper crust 12 6.00 3.46 2,700 Elastic (7 — )
Lower crust 11 6.90 3.87 2,900 10" 10" 10'® 10 10 10%
Upper mantle 49 8.20 4.60 3,200 10 10 10%" 10 10* 10%
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deformation in the upper crust until 8 km depth and again at the interface with the lower crust at 12 km depth,
coincidentally with the 90% percentile of the seismic hypocenters distribution. Considering these observations, a
representative average seismogenic depth of 10 km is selected for the calculations. The mechanical thickness of
the lithosphere, that is, the depth at which the supported deviatoric stress drops below 1 MPa (Ranalli, 1995), is
estimated at 72 km depth (Garcia-Mayordomo, 2005).

In general, at stress levels that are sufficiently low to induce a rupture in preexisting fractures on faults, the
typical rheological profile of an active continental lithosphere can be described by the “jelly sandwich” model
(Burov, 2011). This model is characterized by a weak mid-to-lower crust subjected to higher pressures and temper-
atures that involve both elastic and viscous deformation and a strong mantle composed dominantly of dry olivine
(Burgmann & Dresen, 2008; Hirth & Kohlstedf, 2003). The limited information about the magnitude of viscosity
n, for lithospheric layers beneath the EBZS makes it difficult to establish specific values for it. Weijermars (1987)
study on the Palomares shear zone results in a softened upper crust viscosity of order 10%° Pa s in the zone versus
10 Pa s outside and at the boundaries of Palomares shear zone. Negredo et al. (2020) modeling the westernmost
Mediterranean margin geodynamics, assume a constant composite (for visco-plastic rheology) viscosity of the
same order for the upper crust and a viscosity of 2 X 10!° Pa s for a weak lower crust. For the lithospheric mantle,
their approach suggests a moderate viscosity of order 5 X 10?2 Pa s. Tesauro et al. (2011) analyze the shear strain
rate in the European lithosphere and using their result for a soft rheology model in the area of this study and an
assumption of 100 MPa for the deviatoric shear stress in the lithosphere (Turcotte & Schubert, 2002) the corre-
sponding viscosity would be between 10'7 and 10?! Pa s.

The range of suggested viscosity values implies testing a combination of values that could be associated with
the study zone. Accordingly, three orders of magnitude viscosity parameters 7 = 1 x 10%°, 10'° and 10'® Pa s are
considered for simulating a lower crust with low, medium, and high ductile properties, respectively. Likewise,
three orders of magnitude are considered for the upper mantle viscosity, keeping the lower crust with lower
viscosity in each model. The resultant combination presents six models as in Table 2 where model m,, with a
low viscosity for the lower crust, is used as the reference model. This choice is made based on similar studies
(e.g., Mohammadi, 2022; Verdecchia et al., 2018). Moreover, it allows for a better examination of the short-term
viscoelastic relaxation effect in the lithosphere compared to other models (Section 4). For modeling the viscoe-
lastic behavior, the Maxwell body equation, a commonly used viscoelastic behavior that suits the large tectonic
strains (e.g., Freed et al., 2006; Liu et al., 2022; Verdecchia et al., 2018), is applied. After an immediate elastic
response, Maxwell materials relax exponentially (Burgmann & Dresen, 2008) and their linear strain-rate & is
consist of two contributions, a viscous and an elastic response: % and % where ¢ stands for the stress rate and

G is the shear modulus. A typically used value of 0.25 for the Poisson ratio (Stacey & Davis, 1977) and a shear
modulus of 32 GPa are considered for the upper crust.

3.2. Source Modeling

Modeling the source of historical earthquakes is challenging. The documented information available is mainly
qualitative. As a result, estimating the location of the epicenter and the distribution of slip on the causative faults
necessarily involves certain simplifications, particularly if no modern earthquake rupture record and its corre-
sponding source model exist for such a fault.

The applied approach in this study first uses the empirical relation log M, = 16.05 + 1.5 Mw, by Hanks and
Kanamori (1979), to find the seismic moment, and then uses M, = G A S, by Aki (1966), to get an estimation
of A § product, where S is the average slip amount over a ruptured area of size A, and G is the shear modulus
in the upper crust, here taken as 32 GPa. The next step is to distribute the slip amount over the causative rupture
plane of average size A. The fault plane is then divided into smaller patches of the same size. In order to achieve
a smoother slip distribution, a relatively small patch size of 1 km? is utilized. The study also takes into account
the empirical relations established by Wells and Coppersmith (1994) between various parameters, such as rupture
geometry (e.g., area, width, surface length, subsurface length) and slip amounts (e.g., surface slip, maximum
surface slip, subsurface slip), and earthquake moment magnitude, ensuring their consistency. To account for the
lack of detailed information on the hypocenter, maximum slip, or centroid locations, a 2D ellipsoidal distribution
with smoothed tapers on the edges is used to distribute the slip over constructed patches (e.g., Yazdi, 2019). This
simple distribution results in a nearly constant stress drop within the rupture area (Santoyo et al., 2005), assuming
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strike-wise symmetry. However, a slight dip-wise asymmetry is applied to place the maximum slip closer to
the seismogenic depth of 10 km in this study. For all three events analyzed in this work, the modeled ruptured
area does not cover the entire fault plane. Therefore, shifting the estimated ruptured plane of average size A along
the strike and/or dip and within the fault boundaries allows for multiple plausible models for each event. However,
additional constraints, such as paleoseismic research results (i.e., Section 2.3), can reduce the extent of shifting
possibilities.

Given the relatively small width (~8-11 km) of the causative faults in this study, the modeled ruptured areas
representing the three earthquakes would only be shifted along their fault strike. As it is explained in Section 2.3,
the 1518 Vera earthquake almost certainly ruptured the southern section of the Palomares fault. Therefore, its
modeled ruptured area, assuming an average magnitude Mwo6.2, is located at the southernmost end of this fault
(Figure 6). However, more than one likely scenario exists for the 1522 Alhama de Almeria earthquake on the
>100 km long Carboneras fault. Not only do multiple estimations exist for its average magnitude (Section 2.3),
but also shifting its ruptured area from NE to SW implies more scenarios. However, the constraints arising from
paleoseismic studies mentioned in Section 2.3 (i.e., results from trench T in Figure 1 and evidence of tsunami)
somehow limit the possible options. Accordingly, a slip distribution model with considerable rupture onshore at
the location of trench T can better simulate this event. Although the coastal landslide accompanied by strike-slip
faulting (Hornbach et al., 2010) can also cause tsunami, the dip-slip component of the Carboneras fault endows it
with a genuine capacity to generate a locally damaging tsunami (Alvarez-G6émez et al., 2022). This suggests that
a potential second constraint would be shifting the ruptured plane toward offshore. Figure 3a shows a 2D illustra-
tion of the shifted rupture area with a slip distribution that simulated a magnitude of Mw6.9 over the Carboneras
fault. One of the examples in this figure (model No. 2) is also shown in 3D in Figure 6. Regarding the Baza earth-
quake, which is associated with a curved Baza fault, two different rupture scenarios are proposed. In one scenario,
the Northern section of the fault ruptures with a strike of 355°, while in the other scenario, the Southern section
ruptures with a strike of 315°. The simulation of Mw®6.2 for the northern rupture scenario is illustrated in Figure 6.

3.3. Coseismic and Postseismic Stress Changes

In this study, a three-layered viscoelastic half-space modeling approach is used to estimate the spatial and tempo-
ral distribution of cumulative coseismic and postseismic stress changes following the 1518 Vera earthquake at a
seismogenic depth of 10 km. The program PSGRN/PSCMP by Wang et al. (2006) is employed for this purpose.
Table 2 provides the rheological parameters used in the modeling. The resulting stress changes may alter the
pre-existing static ACFS over nearby fault planes (target faults), potentially pushing them toward failure. To esti-
mate the due ACFS = At + u*(Ao,) for the shear stress change Az consistent with the slip direction of the target
faults IGME, 2022), two effective frictions u* of 0.4 and 0.6 are taken into account. The Ag, is the change in the
normal stress and positive for tension.

4. Results
4.1. The Effect of 1518 Event

The combined ACFS triggering influence of the 1518 Vera earthquake could have driven the Carboneras
fault closer to rupture in 1522 (Figure 2a). The coseismic ACFS amount with magnitude considered within
an earthquake-triggering context, yet does not involve further than 5 km of the Carboneras northernmost end.
Though, in less than 4 years, the lithospheric viscoelastic relaxation increases ACFS up to 0.4 bars. The spatial
extension of this postseismic stress-triggering effect spans to the southwest, particularly at higher depths. Accord-
ingly, a combined ACFS > 0.2 bars implicates about 25 km of the Carboneras northernmost end (Figure 2b).

The triggering effect of the 1518 Vera earthquake on the state of stress over the Baza fault, despite being positive, does
not have a considerable magnitude. The combined ACFS remains less than 0.05 bars even after a period of approx-
imately 13 years, up to 1531. However, the cumulative effect of the second event in the cascade, the 1522 Alhama
de Almeria earthquake, is yet to be added in order to better understand the occurrence of the 1531 Baza earthquake.

4.2. The Effect of the 1518 and 1522 Events

Following the 1522 earthquake on the Carboneras fault, the cumulative combined ACFS significantly impact the
Baza fault, although not immediately. Over the next 9 years, the viscoelastic relaxation causes the stress-triggering
to evolve toward this fault (Figure 3b).
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Figure 2. The combined (coseismic + postseismic) ACFS because of the 1518 earthquake solved for Carboneras kinematics,
(a) at a depth of 10 km after almost 4 years, and (b) between depth of 5 and 11 km over Carboneras fault plane.

As previously explained in Section 3.2, simulating the 1522 event implies trying multiple scenarios about the
length and location of its ruptured area on the Carboneras fault. Figure 3a shows an example of the 2D smoothed
ellipsoidal slip distribution that models rupture of a Mw6.9 over the Carboneras fault and its gradual shifting from
the NE to the SW. The more proper shift should be the one that results in a considerable surface rupture close to
the location of trench T (see Figure 1) at a ~35 km distance from the northernmost end of the Carboneras fault.
For instance, among five models the model No. 2, 3, and 4 satisfies this constraint best. Applying the model No. 3
(with epicenter on ~40 km from the NE-end of the Carboneras), the 0.2 bar isolines in Figure 3b display how the
cumulative stress-triggering effect over the Northern section of the Baza fault increases after the 1522 earthquake
on the Carboneras fault. Consequently, the postseismic process of lithosphere viscoelastic relaxation could have
contributed to the occurrence of the 1531 Baza earthquake.

However, the extent of the ACFS increment, is potentially sensitive to the varying strike of the Baza fault along
its curved shape and the magnitude and location of the Carboneras earthquake, among other factors. With only
one used magnitude for the 1518 Vera earthquake (Mw®6.2), the cumulative combined ACFS is estimated for a
range of magnitudes (Mw6.5-7.1) for the 1522 Alhama de Almeria earthquake; for each assumed magnitude, the
spatial effect of moving the maximum slip location on yield ACFS is also considered.

Figure 4 displays which section is more prone to positive ACFS and through different scenarios also illus-
trates the circumstances that are more likely to result in stress-triggering of the 1531 Baza earthquake. Each

(@)
S Coastline ) fa trench T yg

t Model 1 f}
< | Model 2 w8 <
Model 3

105 90 75 60 45 30 15
—3:> Distance along strike (km)

o 1 2.
Total slip (m)

Figure 3. (a) Five different rupture models of a Mw6.9 earthquake by the Carboneras Fault. Models results from considering
the rupture area shifting along the trace of the fault and constrained by the coastline and location of paleoseismic trench T.
(b) Time variation of cumulative combined ACFS because of model No. 3 on Northern Baza fault (BFn) 355°/65°/—90° at a
depth of 10 km. Colored 0.2 bar isolines scale with time. Rupture sections of the Palomares (PFs) and Carboneras faults (CF)
are also shown (b).
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Figure 4. The temporal variation of cumulative combined (coseismic + postseismic) ACFS because of 1518 Vera Mwo6.2
and the 1522 Alhama de Almeria events at four different sites (P to P4) associated with trends of the Baza fault (blue
arrows: 347°, 355°, 335°, and 315°) at 10 km depth. The shown result is for three different Mw values (7.0, 6.8, and 6.6) of
the 1522 event and a combination of five different rupture area placements (similar to Figure 3a) for each magnitude. The
five rupture placements of each magnitude are indicated by the distance from maximum slip locations to the NE-end of the
Carboneras fault.

row of panels in Figure 4 addresses the sensitivity of ACFS to the target fault strike and remarks a substantial
stress-triggering influence on the Northern section, which also appears as the most controlling kinematics of
the Baza fault (cf., Alfaro et al., 2021). The triggering effect of ACFS decreases as the striking angle changes
from NS to NW-SE and ultimately becomes negative for the Southern section of the fault. This strike-dependent
result remains consistent for variation of dip and rake (dextral or sinistral components) within the uncertainty
range given by Medina-Cascales et al. (2020) (see Figure S1 in Supporting Information S1). The columns of
panel in Figure 4 reveals how the size of ACFS directly depends on the assumed magnitude for the 1522 events.
Assuming a magnitude of Mwo6.6 for the 1522 event, the estimated cumulative ACFS is close to 0.1 bar. As the
magnitude used in the calculation increases, the estimated ACFS also increases to approximately 0.2 bar for a
Mw6.8 and approaches ~0.3 bar for a Mw7.0. However, as mentioned previously, the ACFS still fails to explain
the stress-triggering hypothesis for the Southern section of the Baza fault.

In general, the ACFS is always positive for points P/ and P2, representative of the Northern section of the Baza
Fault. For the Southern section (P3 to P4) the sign of ACFS is more dependent to the location of rupture on the
Carboneras, particularly at the southernmost point (P4).

Both size and rate of ACFS, however, are sensitive to the applied rheology
model (Table 2). Figure 5 compares the cumulative combined ACFS apply-
ing each model in Table 2 for the first hundred years. All models present
decaying rates in the yield stress changes. Given the small impact of parame-
ter 4* on the pattern of stress distribution (King et al., 1994) a more conserv-
ative value of 0.4 is used for interpreting the results presented in this section.
Figure S2 in Supporting Information S1 shows a similar behavior of ACSF
curves for u* = 0.6, where a slightly greater (in IACFSI size) stress-triggering
effect can be seen. For a less viscous lower crust (e.g., 7 = 10'® Pa s in models

m, to m,), the postseismic relaxation effect is more important in the first
~15 years. Whereas, in the short-term, the significance of viscoelastic relax-

50 100 ation is minimal when the lower crust and lithospheric mantle exhibit high

Time (yea r) viscosity values (e.g., model my).

Figure S. Hundred years variation of cumulative combined . .
(coseismic + postseismic) ACFS for the six different rheological models 5. Discussion

detailed in Table 2 (Section 3.1). Calculations are performed for the Baza
Fault at site P2 (355°/65°/—90°; see Figure 4) after a Mw6.2 earthquake on the

Examining the induced stress-triggering state following the XVI-century

Palomares fault followed by a Mw6.9 earthquake on the Carboneras fault (as cascade can provide insight into how this cascade may have contributed

in Model No. 2 in Figure 3a) in less than 4 years.

to the stress increase over the nearby faults after 1531. Further important
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S crustal earthquakes with Mw > 6.0 in the proximity of this cascade are the
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1658 Almeria Mw6.2, the 1674 Lorca Mw6.0, and 1804 Dalias Mw6.4
(Cabaiias et al., 2015; IGN & UPM, 2013; Mezcua et al., 2004). The respon-
sible faults identified for the last two events are the Alhama de Murcia fault
(Martinez-Diaz et al., 2019) and the Loma del Viento—Llano del Aguila
TO fault (De Pro-Diaz et al., 2023; Molins-Vigata et al., 2022; Murphy, 2019).
However, for the 1658 Almeria event, there is no clear relation with any

-10 particular fault. It could have been the Carboneras, the Polopos, or any
3K ‘Eé\dg\le(a = of the NW-SE normal fault systems common in the area, namely the El
25 1522 Al5mer' 5} 37.5 e Alquian or East Gador fault systems (Figure 1). Accordingly, applying
/_ ) - 37 {\\_\)6 the results described in Section 4.2, the source model of the Baza earth-
Ong/tu q =2 o~ \o quake is added to the scenario and placed over a strike of 355° to model
e 1.5 36.5 the cumulative combined deformation following all three events. The same
mechanical-rheological parameters and source models of the 1518 and 1522
Figure 6. Fault ruptures model considered to study the impact of the events used before are applied.

XVlI-century earthquake cascade in nearby Quaternary-active faults (see
Figure 7). For the 1518 Vera, 1522 Alhama de Almeria, and 1531 Baza events,  Fjgure 6 shows a scenario consisting of the southern section of Palomares,

aMw of 6.2, 6.9, and 6.2 corresponding to a rupture of 158, 575, and 194 km?
on the Palomares fault Southern section, Carboneras fault as model No. 2 in
Figure 3a, and Baza fault Northern section, respectively, have been considered

for the calculations.

the northern parts of Carboneras, and the northern section of the Baza fault
rupturing in 1518 with Mw6.2, 1522 with Mw6.9, and 1531 with Mw®6.2,
respectively, for which the cumulative combined ACFS is estimated for all
potentially target Quaternary-active faults in the studied area (Figure 7).
The assessment is carried out for Alhama de Murcia (Goiiar-Lorca and
Lorca-Totana sections), Galera, Botardo, Carboneras, Palomares (both Southern and Northern sections), Alman-
zora Corridor, Albox, Polopos (both Eastern and Western sections), El Alquian, East Gador, Loma del Viento,
Balanegra, and Adra faults (see Figure 1), using a depth range from 6 to 10 km and a time frame of up to
140 years when the 1658 Almeria Mw6.2 earthquake occurred. Fault mechanisms are taken from the QAFI data-
base (IGME, 2022) and are listed in Table S1 in Supporting Information S1.

The stress buildup along the outward extensions of the rupture areas of three source faults is evident in the ACFS
maps shown in Figure 7. Of particular note is the significant increase in positive ACFS along the Palomares
fault, which is remarkable given that the earthquake record along the fault zone since the 1518 Vera event only
comprises low-magnitude events (Mw < 5.0). This situation suggests that the Palomares fault has been accumu-
lating substantial stress since 1518. However, this fault has been recognized as a significant contributor to epis-
temic uncertainty in probabilistic seismic hazard studies conducted in the EBSZ (Gémez-Novell, 2021) due to the
lack of paleoseismological research and a robust slip rate estimation for the upper Pleistocene, unlike the other
faults that formed the EBSZ. Hence, the obtained results highlight the importance of studying the Palomares
fault's recent activity for future seismic hazard assessments in the region.

Figure 7. The cumulative combined ACFS solved for each fault, with geometry and rake provided by IGME (2022), at a depth of 6 km, and because of a rupture
scenario as in Figure 6 for the XVI-century cascade (a) right after the 1531 Baza earthquake, (b) after 140 years since the 1518 Vera earthquake, and (c) when the 1522
Mw6.9 epicenter is shifted more to the southwest (as in model No. 4 in Figure 3a). The small window represents the result using the receiver fault geometry of the El

Alquian fault; 121°/60°/-90°.
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Potential stress-triggering effects are also observed over parts of the Polopos, Almanzora Corridor, and Galera
faults (Figure 7a), and as time passes, the ACFS distribution and intensity vary slightly (Figure 7b). The trigger-
ing effects get larger when using a model (such as the model No. 4 in Figure 3a), in which the rupture area of
the 1522 event is shifted more to the southwest (Figure 7c). It is noteworthy to mention that in 1964 there was a
damaging earthquake (I, = VII, Mw4.9) in the area attributed to the Galera fault (Garcia-Tortosa et al., 2007).

Either section of the Alhama de Murcia fault clearly experiences insignificant or negative ACFS, suggesting that
the 1674 Lorca event can not be connected to the XVI-century cascade (Figure 7). Similarly, it seems that the
yield ACFS on the El Alquian, East Gador, Loma del Viento, Balanegra, and Adra faults creates a significant
delaying effect. This implies that the XVI-century cascade might not have triggered subsequent major earth-
quakes over these faults (e.g., the 1658 and 1804 events). The ACFS maps for depths of 8 and 10 km are provided
in Figure S3 in Supporting Information S1. Nevertheless, it is important to note that the results obtained for the El
Alquian system are very sensitive to the epicenter location of the 1522 event along the Carboneras fault. Suppos-
ing the applied model has the epicenter of the 1522 event closer to the coast (as model No. 4 in Figure 3a), then
the southeastern end of the El Alquian fault experiences a substantial stress buildup, mainly due to the coseismic
impact of the 1522 event and its intensification during the postseismic period (Figure 7c). Therefore, it is not
possible to thoroughly discard the hypothesis that the 1658 event may have occurred on the El Alquian system
due to the stress-triggering impact of the cascade. There is no historical description of a proper tsunami related
to this event but anomalous sea waves. However, the magnitude of the event was not large enough to generate a
tsunami, and hence, an offshore section of the Carboneras fault that appears clearly charged could also be a source
candidate for the 1658 event (Silva, 2017). Additionally, the Polopos fault in Figure 7 appears loaded too, and
neither cannot be ruled out as a source for the 1658 Alemria earthquake. Figure S4 in Supporting Information S1
shows auxiliary ACFS maps solved for the candidate causative faults of this event. This result suggests that the
three faults (El Alquian, Carboneras, and Polopos) remain as a possible source of this earthquake.

The discussed results are obtained under the assumption of rheology model m, (Table 2) and applying u* = 0.4,
and since the study method relies on modeling the ACFS, it is essential to note that there are inherent uncertain-
ties associated with selecting physical parameters and rheological settings of the lithosphere. The ACFS distribu-
tion pattern is not considerably affected by the selection of the friction coefficient 4*, which mainly controls the
normal stress change. However, applying p* = 0.6 enhances the magnitude of IACFSI, maintaining consistency
with the suggested results (see Figure S2 in Supporting Information S1). On the other hand, the choice of rheo-
logical model, particularly the viscosity of the lower crust, controls the development of the postseismic effect.
One order of magnitude higher viscosity values (10'° Pa s) for this layer leads to a minor IACFSI, yet the post-
seismic stress-triggering impact can not be ignored. Conclusion delivered in this study also involves simplifying
assumptions such as the use of a three-layered lithospheric structure with 2D-homogeneity, application of average
fault kinematic driven from geological data, and regular smoothed slip distribution for source rupture modeling.
Further uncertainties that arise from such simplifications, specifically regarding the distribution of slip and its
direction over the fault planes, however, are due to the inherent limitations associated with historical earthquake
modeling and the slow tectonic deformation characteristic of the study zone.

6. Conclusions

This study provides insight into the potential mechanism that explains the occurrence of three major earthquakes
(Mw > 6.0) in the Betic Cordillera (Southern Iberia) during the early XVI-century. The results suggest that the
stress transfer caused by viscoelastic relaxation could have played a key role in connecting these events, which
occurred within a short time frame of just 13 years and were associated with different active faults. It is also
proposed that the section of the Baza fault that ruptured in 1531 was the Northern NNW-SSE strike.

Further examination of coseismic and postseismic stress-triggering over an extended time period uncovers the
potential impact of this cascade on nearby active faults in the study zone. Accordingly no evidence to support that
the XVI-century cascade influenced the occurrence of the 1674 Lorca (Mw6.0) or 1804 Dalias (Mw6.4) events
has been found, as their respective causative faults experience negative ACFS. Conversely, the 1658 Almeria
(Mw®6.2) event could have been related to either the El Alquian system, Polopos fault, or an offshore section of
the Carboneras fault, all of which undergone positive ACFS during the following 140 years.

Finally, the integration of historic and paleoseismic data with stress transfer modeling presented in this study
delivers a feasible mechanism that connects earthquakes with different seismogenic sources separated in time
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(years to decades) and space (tens of km). This approach, particularly in zones with active faults of low-stress
accumulation and long interseismic periods, challenge the commonly assumed notion in the standard probabil-
istic seismic hazard assessments that seismic activity follows a Poissonian process, particularly for moderate to
high magnitudes. The earthquake recurrence models in regions with slow tectonic deformation typically encoun-
ter challenges due to the lack or unavailability of data. Indeed, findings such as this study provide constraints for
characterizing recurrence models applicable to faults capable of generating moderate-to-high magnitude events
and coseismic and postseismic stress changes should be incorporated in future endeavors for fault-based and
time-dependent seismic hazard assessment in the EBSZ.
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The earthquake data in this manuscript was adopted from the Database of Iberian Seismogenic Zones (IGME, 2015),
accessible from https://info.igme.es/zesis and the National Geographic Institute (IGN, 2022), accessible from
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the coseismic and postseismic deformation can be accessed through https://git.pyrocko.org/pyrocko/fomosto-ps-
grn-pscmp. Figures were created with Matplotlib version 3.5.1 (Hunter, 2007) and the free and open source QGIS
software version 3.18.3 (QGIS Development Team, 2021) which are accessible from https://matplotlib.org and
https://www.qgis.org, respectively.
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