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Abstract. The South and South-eastern part of Spain exhibits the highest seismicity rate in the country. However, although the
recently developed Quaternary Active Fault database of Iberia (QAFI, Garcia-Mayordomo et al. (2012)) collected the available
information existing in the study area regarding fault data for their use in seismic hazard applications, this information is of
limited use since data quality is very heterogeneous: few earthquakes are associated to specific fault segments and occurrence
time periods (when indicated) are affected by high uncertainties (Gaspar-Escribano et al., 2015). This fact has motivated the
definition of alternative tectonic zonation models, to be used for evaluating the seismic hazard. So far, the clustering properties
have not been considered in this regard, though they can provide essential information about the features of seismic energy
release, depending on the tectonic style of a region (Talebi et al., 2024). This is why in this work the properties of the seismicity
in terms of clustering are evaluated by applying the Nearest-Neighbor (NN) algorithm on the South-eastern Spain region. The
scale parameters needed for the NN algorithm are optimised through the study of the z-score and the temporal anomalies
between events in the identified clusters for each run. The tree structure under the graph theory notation has been proved
useful in the determination of the critical threshold that separates the background (independent) seismicity from the clustered
(dependent) seismicity in the NN algorithm. Once the clusters have been identified, the properties of the clusters have been
quantified in terms of a selection of complexity measures: outdegree, closeness, and average node depth. This procedure has
been applied by considering two different completeness magnitudes: Mw3.0 (the mean completeness magnitude for the entire
catalogue) and Mw?2.1 (accounting for the most recent part of the catalogue). The results are similar in terms of proportion of
foreshocks, mainshocks and aftershocks, and indicate a clear distinction between the western-most part (higher complexity)
and eastern-most part (lower complexity). To check this result, three different zonation models have been examined and cross-
compared; two of them passed the Kolgomorov-Smirnov test, meaning the distributions of the selected complexity measures
are not the same for the different zones defined in the models. These zonations can be used in order to assess the seismic hazard,
as they account for the influence of the tectonic setting on the patterns of earthquakes occurrence, including the features of

background and clustered seismicity components.
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1 Introduction

South and South-eastern Spain are the areas within the Iberian Peninsula with the highest seismic hazard (IGN-UPM Working

Group, 2013; Kharazian et al., 2021). The tectonic setting in this region can be related to the geological features. In this sense,

the main geological domains are the Betic Cordillera to the North, divided into Internal and External zones. The External Zone,

divided into Prebetic and Subbetic, originally formed the south and south-east Mesozoic and Tertiary sedimentary cover of the

Iberian shield and is arranged in many tectonic units (L6pez-Casado et al., 2001). The main geological domains can be seen in

Figure 1.
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Figure 1. Main geological domains of South and South-eastern Spain (adapted from Buforn et al. (1995)). The red-edged dotted-filled

polygons identify the Internal zone whereas the blue-edged polygons with a strip pattern fill mark the location of the External zone. The

coloured stars represent the most damaging earthquakes in the area since the pre-instrumental era of the catalogue. The triangles represent

the seismic stations’ location, obtained from Gonzalez, A. (2017), and colour coded by the first year of operation.

South and South-eastern Spain experiences low-to-moderate seismic activity due to the collision of the Africa and Eurasia

plates. Seismic energy is released mostly through small and occasional moderate earthquakes, typically at shallow depths, with

a few rare deep events. The region’s seismic history began with detection by local stations in the early 20th century, leading

to the development of a national seismic network in the 1960s, with further improvements in the 1980s. Most earthquakes in

the region can be classified as low magnitude, with the exception of notable events such as the 1910 Adra coast earthquake
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(Mw6.2) and the deep 1954 Durcal earthquake (Mw7.0). Some of the most damaging earthquakes in the recent instrumental
period have occurred in the Murcia region, i.e. Lorca’s 2011 MwS5.1 earthquake, Mula’s 1999 Mw4.9 and Bullas 2002 MwS5.0.
All of them caused damage to the buildings and even the Lorca earthquake caused 9 deaths (Molina et al., 2018).

The historical seismicity of the region from the 15th to 20th centuries includes significant damaging earthquakes with
onshore epicentres, such as those in 1431 (Granada), 1518 (Vera, Almeria), 1680 (Alhaurin el Grande, Mdlaga) and 1804
(Dalias, Almeria) with intensity VIII-IX (EMS-98) and estimated magnitude Mw >6.0 and the two most damaging earthquakes
of our seismic catalogue: the 1829 Torrevieja earthquake and the 1884 Arena del Rey earthquakes, both with intensity IX-X
(EMS-98) and estimated magnitude Mw >6.5 (Vidal-Sanchez, 1993).

The update of the Spanish seismic hazard map carried out in 2012 started with the identification of zones with different
seismogenic characteristics. It is important to state that the high uncertainties in the QAFI database (Garcia-Mayordomo et al.,
2012) and lack of earthquakes related to certain fault segments as pointed out by Gaspar-Escribano et al. (2015, p. 67) rules
out using a fault based seismic source model. The ZESIS model (Garcia-Mayordomo, 2015a; Gaspar-Escribano et al., 2015)
originated from a previous one created following the expert judgment methodology after the cooperation of a large number
of Earth Science researchers from Spain, Portugal, and France, in the frame of the first Iberian Meeting on Active Faults
and Paleoseismology (Iberfault-2010), the European project SHARE (Seismic Hazard Harmonization in Europe) (Garcia-
Mayordomo et al., 2010) and, eventually, by the Advisory Board for the New Seismic Hazard Map of Spain. The seismogenic
source zones model can be consulted and downloaded from the Instituto Geol6gico y Minero de Espafia (IGME) web under
the name of ZESIS database (IGME, 2015): http://info.igme.es/zesis/. Although some of the tectonic characteristics are shared
between all the subregions that were defined for the ZESIS zonation in South and South-eastern Spain, regions such as the
Granada Basin are more prone to exhibit swarm-like seismic activity (Saccorotti et al., 2002; Stich et al., 2024). In this sense,
it is important to be able to identify the clustering characteristics of seismicity in different areas, as it could affect the seismic
hazard analysis studies.

The declustering of the seismicity is one of the most important steps regarding the seismic hazard analysis, as one of the
hypotheses is that the seismicity in the area follows a Poisson distribution (i.e., all the events are independent). This assumption
cannot hold if the catalogue contains clustered seismicity data. Since the late XX century, different declustering algorithms
have been proposed: window methods, such as the Reasenberg-Jones’ (Reasenberg, 1985; Reasenberg and Jones, 1989), the
Gardner-Knopoft’s (Gardner and Knopoff, 1974) or the Uhrhammer’s (Uhrhammer, 1986); stochastic declustering methods
(Zhuang et al., 2002; Zhuang, 2006) based on the Epidemic-Type Aftershock Sequence model (Ogata, 1998) are an example;
correlation methods such as the Nearest-Neighbor algorithm (Zaliapin et al., 2008; Zaliapin and Ben-Zion, 2013a, 2020); etc.
For a more detailed explanation of the declustering methods, we refer the reader to van Stiphout et al. (2012) work.

Performing a clustering analysis on the seismic catalogue has several benefits: 1) it enables working with a background
seismicity catalogue (with independent events), 2) it enables the study of the time-dependent seismic hazard in seismic series,
and 3) it could shed light on the mechanisms behind the seismic behaviour of certain areas by identifying the events in the

clusters.
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In this work, we apply the Nearest-Neighbor algorithm to the seismic catalogue of South and South-eastern Spain from
1970 up to the end of 2023. Our focus is to identify the main clusters present in the region. Then, we study the characteristics
of the main clusters to see if there are important differences inside the region regarding the complexity and magnitude of the
mainshocks. As a result of this analysis, a declustered catalogue will be obtained, which can be used for subsequent seismi
hazard analysis.

2 Spanish Seismic Catalogue

Southern Spain is characterised by low-to-moderate shallow seismicity with rare high-magnitude earthquakes. The catalogue
from the southern part of Spain (retrieved from https://www.ign.es/web/sis-catalogo-terremotos (IGN, 2022)) contains 46,296
earthquakes inside the region constrained by longitudes [7.0205°W, 1.5526°E] and latitudes [35.8762°N, 39.8548°N], from
year 1970 until the end of 2023 and with depths shallower than 50 km. It has been homogenised following the equations from
IGN-UPM Working Group (2013). The ranges of local magnitude for the application of such equations have been ignored
for magnitude types 1, 2 and 4. The local magnitude or intensity scales can be checked at https://www.ign.es/web/resources
docs/IGNCnig/SIS-Tipo-Magnitud.pdf (IGN, 2025). A discussion on the homogenisation process can be read in the Appendix
A. Only earthquakes belonging to tectonic zones in our study region with similar behaviour (crustal shortening direction) as
de ned in the ZESIS zonation (Garcia-Mayordomo, 2015a) have been considered, as shown in Figure 2.

Figure 2. Catalogue of South and South-eastern Spain from 1970 to the end of 2023. It can be seen that faulting system determines the
location of the epicentres for the most relevant earthquakes (Mw between 5.0 and 6.0 and marked as red stars) as most of them are locate
near these structures. The fault traces have been obtained from the QAFI database (Garcia-Mayordomo et al., 2012; IGME, 2022) and the
tectonic zonation polygons from the ZESIS database (IGME, 2015). The coloured stars represent the most damaging earthquakes in the are

since the pre-instrumental era of the catalogue.
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Figure 3 shows the depth-energy distribution along with the depth histogram as an inset. As can be seen, the seismicity is
85 concentrated around the 0 km and 10 km range, and decreases exponentially with depth. The magnitude ranges from 0.8 t

Mw5.4.

Figure 3. Magnitude-Depth distribution for the chosen catalogue. The histogram in the inset shows the depth distribution.

The detection sensitivity and, therefore, the completeness magnitudl®{khe catalogue have changed over time due to
upgrades in the seismic network. This fact is thoroughly discussed in the work of Gonzalez, A. (2017), the data from which
has made possible identifying four periods with distinct seismic network sensitivity: 1970-1984, 1985-1998, 1999-2013, and

90 2014-2023. These periods are also evident in Figure 5 by analysing the slope changes in the cumulative number of stations pe
year. Figure 4 shows the events of the Spanish catalogue for the area of study. The number of events with magnitudes lowel
than 3.0 increased from 1970-1984 to 1985 on, and then the number of events with magnitudes lower than 2.0 spiked from

1999 on, re ecting an improvement in the sensitivity of the Spanish seismic network.






