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A B S T R A C T

The aim of this paper is to analyse the seismic activity of the Iberian Peninsula and a wide area of the Republic
of Croatia. To do so, two incidence-magnitude seismic parameters have been defined. First, the areas have been
divided into several ellipsoidal clusters using Mahalanobis clustering. Four generalised indexes (Mahalanobis
Calinski Harabasz, Mahalanobis Davies–Bouldin, Mahalanobis Simplified Silhouette Width Criterion and
Mahalanobis Area) have been used to determine the most appropriate number of ellipsoidal clusters, on the
basis of which a partition with four and a partition with eleven clusters have been considered. For the wide
area of the Republic of Croatia there are fourteen clusters and the five areas that just affect Croatia have
been analysed in detail. Then, to analyse the seismic activity of the areas, two incidence-magnitude seismic
parameters have been defined and calculated: a) 𝛥(4), that represents the minimal number of successive years
in which at least one earthquake of magnitude between 4 and 5 has been registered; b) 𝛥(5), that shows the
number of years in which at least one earthquake of magnitude larger than 5 occurred. The calculation of 𝛥(4)

for the South-west and the South-east of the Iberian Peninsula has provided two years for both. Regarding
𝛥(5), 10 and 12 years have been obtained for the South-west and the South-east of the Iberian Peninsula,
respectively. The analysis of Croatia has shown that the Ston–Metković area has the highest seismic activity.
The following results have been determined: 5 years for 𝛥(4) and 22 for 𝛥(5). It should be mentioned that these
results cannot be used for predicting earthquakes. However, data about the incidences of earthquake events
and their magnitudes can certainly serve as useful information in civil engineering.
1. Introduction

We will consider the earthquake activity in the geographical area
of the Iberian Peninsula and in a wide area of the Republic of Croatia
of a magnitude 𝑀 ≥ 3.5. Each earthquake will be associated with the
geographical position 𝑎𝑖 = (𝜆𝑖, 𝜑𝑖), magnitude 𝑀𝑖 and absolute year 𝑔(𝑖)
in which the earthquake occurred.

First, both areas, the Iberian Peninsula and the wide area of the
Republic of Croatia, will be divided into seismic regions by using
cluster analysis. Ellipsoidal clusters will be determined by using a
combination of Mahalanobis incremental algorithm and Mahalanobis k-
means algorithm. Several generalised indexes will be used to obtain the
partition with the most appropriate number of clusters, i.e., the Most
Appropriate Partition (PAPart). The following indexes will be tested:
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the Mahalanobis Calinski–Harabasz index, the Mahalanobis Davies–
Bouldin index, the Mahalanobis Simplified Silhouette Width Criterion
index and the Mahalanobis Area index. Although rectangles can tessel-
late the 2D space, while ellipses cannot, we will be looking for MAPart
with ellipsoidal clusters in the observed area. A method for searching
for an optimal partition with rectangular clusters is not well-known in
the literature, and ellipsoidal clusters can be well approximated with
rectangular clusters (see Morales-Esteban et al. (2014))

After that, we analyse the incidence of earthquake events in those
zones for magnitude 𝑀 ≥ 3.5 and separately for both 4 ≤ 𝑀 < 5 and
𝑀 ≥ 5. For that purpose, we determine the minimal year intervals 𝛥4

𝑗
and 𝛥5

𝑗 for each cluster 𝜋𝑗 , such that in every successive 𝛥4
𝑗 years at

least one earthquake of magnitude between 4 and 5 occurred in the
cluster 𝜋𝑗 and in every successive 𝛥5

𝑗 years at least one earthquake of
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magnitude greater than or equal to 5 occurred in the cluster 𝜋𝑗 . In this
way, we characterise the earthquake activity in this area.

We should point out that the results obtained cannot be used
for the purpose of predicting the occurrence of the next earthquake.
There are numerous papers dealing with the problem of earthquake
prediction. It is widely considered for known that the earthquake’s
temporal probability distribution should follows the Poisson model (see
e.g. Wang et al. (2014)) and for that reason many recent catastrophic
earthquakes remained unpredicted. However, data about the incidences
of earthquake events and their magnitudes can certainly serve as useful
information in civil engineering.

The analysis described will be carried out on the geographical area
of the Iberian Peninsula and in the wide area of the Republic of Croatia.

The paper is organised as follows. In the next section, the related
works concerning seismogenic zoning are given. Section 3 shows how
one can define the absolute time with the zero absolute year 𝑔(0) which
begins on January 1, 1900 at 0:0:0 h. Section 4 describes the process of
determining ellipsoidal seismic zones in some area using Mahalanobis
clustering. The earthquake activity in the Iberian Peninsula region is
analysed in Section 5 and, in Section 6, the earthquake activity in the
Croatia region is analysed. Section 7 provides a discussion about the
results. Finally, in Section 9, some conclusions are presented.

2. Related works concerning seismogenic zoning

This section reviews the most relevant works related to seismogenic
zoning in both the Iberian Peninsula and Croatia.

The Iberian Peninsula and Croatia share moderate seismic activity,
characterised by events of moderate size (magnitude from 3.0 to 5.0).
While Croatia reports earthquakes in almost all its surface, the Iberian
Peninsula has several areas with almost null seismic activity reported.

A vast number of zonings for the Iberian Peninsula can be found
in the literature. However, that by Martín (1984) is the one most
widely accepted by the scientific community. Twenty-seven different
zones were defined by the author, who generated a seismic hazard map
to support his proposal and considered some tectonic and structural
features. In 2011, another relevant study was carried out by Mezcua
et al. (2011). The authors fused the information of several existing
regional zonings and defined thirty-five zones. The authors stated that
the main advantage of their zonation lies in the use of updated data.

Three years later Morales-Esteban et al. (2014) used a fast clus-
tering algorithm based on the Mahalanobis distance to determine up
to sixteen different zones. A complete catalogue with 9327 events
was considered. While this clustering-based approach used unidimen-
sional data, the authors in Martínez-Álvarez et al. (2015) made use
of a triclustering algorithm from Gutiérrez-Avilés et al. (2014) to
consider three-dimensional data and define a new seismogenic zoning.
Thirty-four zones were defined and analysed according to their average
b-value and annual rate.

It is worth mentioning that some authors have focused on zoning
partial regions of the Iberian Peninsula. Thus, the Betic System and the
Granada Basin were studied in López-Casado et al. (1995) and García-
Mayordomo (2007), respectively. Eastern and southern zones were
proposed in Buforn et al. (2005) and Giner et al. (2003), respectively.
The Cantabrian cornice was studied in depth in López-Fernández et al.
(2008) and the Pyrenees in Amaro-Mellado and Bui (2020).

Finally, Amaro-Mellado et al. (2017, 2018) conducted an analysis
to compare some of the proposed zonings in order to assign statistical
properties to every zone and figure out their meaningfulness.

In a similar way to the Iberian Peninsula, the seismicity of Croa-
tia is characterised by earthquakes of moderately large magnitude
(see Markušić and Ivančić (2020)) with large variations in the seis-
micity (see Pavić et al. (2020)). Markušić and Herak (1998) divided
Croatia into seventeen seismogenic zones, this being, to date, one of the
most consistent proposals reported in the literature. Such zoning, with
2

n

Table 1
Determining the absolute year in which an earthquake occurred.

Time Absolute time Absolute time∕𝜅 𝚢(𝑥)

1 {1880 1 27 15 30 0} −628 849 800 −19.94 𝚢(−20)

2 {1899 1 27 15 30 0} −29 233 800 −0.93 𝚢(−1)

3 {1900 1 27 15 30 10} 2 302 210 0.07 𝚢(0)

4 {1901 1 27 15 30 10} 33 838 210 1.07 𝚢(1)

5 {1979 4 15 6 19 44} 2 501 993 984 79.34 𝚢(79)

6 {2019 11 27 14 45 24} 3 783 854 724 119.00 𝚢(119)

so many zones, highly contrasts with the one introduced in Markušić
(2008) by the same author, where only two zones were determined.

Salic et al. (2018) generated seismic hazard maps for the western
Balkan countries, including Croatia, using unified criteria and cata-
logues. In those maps, the authors included Croatia in a super zone
model, together with Montenegro and western Serbia. Some partial
zonings can also be found for Croatia. Hence, the authors defined eight
zones for north-west Croatia (see Herak et al. (2009)). One of the
strongest points of the proposal consisted in the generation of an up-
dated declustered catalogue. Later, this proposal was revisited and the
authors reduced the optimal number of zones to five (see Tomljenović
B. Herak et al. (2008)).

The fast clustering algorithm based on DIRECT was used in Sci-
tovski and Scitovski (2013) to discover seismogenic zones in Croatia.
Both global and local optimal partitions were claimed to be discovered.
A total of thirteen zones were proposed. Another fast Mahalanobis
clustering algorithm was applied one year later to the same dataset
in Morales-Esteban et al. (2014), evaluating seven, eleven and thirteen
different partitions, according to several cluster validity indexes.

Lastly, Scitovski (2018) applied a density-based clustering algorithm
(Rough-DBSCAN) to propose a new seismogenic zoning consisting of
fifteen zones. As claimed by the authors, one of the most remarkable
advantages of this method is its ability to find non-convex zones.

From the analysis of the above mentioned works, it can be con-
cluded that most of them proposed zonings based mainly on geo-
logical criteria and subjective decisions justifying the need to de-
velop a general-purpose method based on machine learning, which
could prevent the researchers from making those kind of decisions and
considerations.

3. The absolute time of an earthquake occurrence

In order to be able to conduct the analysis of the earthquake activity
in the cluster mentioned earlier, it is important to define properly the
moment of earthquake occurrence. That is why, on the basis of the
disposable data, for each earthquake {𝚈𝚎𝚊𝚛, 𝙼𝚘𝚗𝚝𝚑, 𝙳𝚊𝚢, 𝙷𝚘𝚞𝚛, 𝙼𝚒𝚗𝚞𝚝𝚎,
𝚂𝚎𝚌𝚘𝚗𝚍}, the absolute time of an earthquake occurrence belonging to
ome of the absolute years 𝚢(0), 𝚢(1),… will be determined, where 𝚢(0)

s the zero absolute year.
As can be seen in the programme-package Mathematica (see Wol-

ram Research (2020)), Absolute Time is defined as the set of real
umbers with a zero-point corresponding to January 1, 1900 at 0:0:0 h.
n this way, the zero absolute year 𝚢(0) begins on January 1, 1900 at
:0:0 h and ends on January 1, 1901 at 0:0:0 h, the first absolute year
(1) begins on January 1, 1901 at 0:0:0 h and ends on January 1, 1902
t 0:0:0 h, etc. On the other hand, the minus first absolute year 𝚢(−1)

egins on January 1, 1899 at 0:0:0 h, and ends on January 1, 1900
t 0:0:0 h (see Fig. 1). For example, the earthquake which occurred
n January 27, 1880 at 15:30:00 h will be associated with the number
−19.9407). That earthquake belongs to the 𝚢(−20) absolute year. The
arthquake which occurred on April 15, 1979 at 6:19:44 h will be
ssociated with the number 79.3377. That earthquake belongs to the
(79) absolute year.

By using Mathematica-module AbsoluteTime[], we obtain the

umber of seconds from the zero point (January 1, 1900 at 0:0:0 h). For
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Fig. 1. Absolute years.
example, AbsoluteTime[1901,1,27,15,30,10] = 33838210 s.
Dividing this number by the coefficient 𝜅 = 365.256 × 24 × 60 × 60 (the
number of seconds in an average year), we obtain 1.07225. By using
the function 𝑥 ↦ ⌊𝑥⌋ (the greatest integer less than or equal to 𝑥),1
we obtain ⌊1.07225⌋ = 1, i.e. This absolute year belongs to 𝚢(1). Several
examples are shown in Table 1.

In this way, we will be able to observe any arbitrary interval (in
years) that can begin in any moment defined as the absolute time.

4. Determining seismic zones in an area

Determining zones of seismic activities in an area will be carried
out using cluster analysis. For that purpose, we observe the data set
 = {𝑎𝑖 = (𝑥𝑖, 𝑦𝑖) ∈ R2 ∶ 𝑖 = 1,… , 𝑚} consisting of geographical
positions of earthquakes in a longer period with their magnitudes 𝑀𝑖
as data weights 𝑤𝑖 > 0. The data set  will be grouped in ellipsoidal
clusters and, by using some indexes (see e.g. Morales-Esteban et al.
(2014), Scitovski and Scitovski (2013) and Vendramin et al. (2009)),
the MAPart will be determined (see e.g. Asencio-Cortés et al. (2017),
Morales-Esteban et al. (2014) and Scitovski (2018)). In this way, zones
of seismic activities will be clusters of the MAPart.

A simpler approach in Scitovski and Scitovski (2013) includes using
only spherical clusters, while a more realistic approach in Morales-
Esteban et al. (2014) requires using ellipsoidal clusters, which can
be done with the known Generalised Mixture Decomposition Algo-
rithmic Scheme (see e.g. Theodoridis and Koutroumbas (2009)) as a
special case of the Expectation Maximisation algorithm (see e.g. Younis
(1999)).

In our paper, we will look for an optimal partition with ellip-
soidal clusters using a Mahalanobis distance-like function, as previously
proposed in Morales-Esteban et al. (2014). For the given symmetric
positive definite matrix 𝛴, we define the Mahalanobis distance-like
function 𝑑𝑚 ∶ R2 ×R2 → R+ (see e.g. Bezdek et al. (2005), Durak (2011)
and Theodoridis and Koutroumbas (2009)),

𝑑𝑚(𝑥, 𝑦;𝛴) = (𝑥 − 𝑦)𝑇𝛴−1(𝑥 − 𝑦). (1)

With matrix 𝛴 we defined the Mahalanobis-circle (M-circle) with a
centre at the point 𝐶 ∈ R2 (see Marošević and Scitovski (2015))

𝑀(𝐶,𝛴) = {𝑥 ∈ R2 ∶ 𝑑𝑚(𝑥, 𝑦;𝛴) = 1}. (2)

From the geometrical point of view, the M-circle 𝑀(𝐶,𝛴) is an ellipse
with centre 𝐶, lengths of semi-axes are square roots of eigenvalues
√

𝜆1 ≥
√

𝜆2 > 0 of the matrix 𝛴, and its directions are spanned by
eigenvectors of the matrix 𝛴. Note that the area of the ellipse is given
by 𝜋

√

𝜆1
√

𝜆2 = 𝜋
√

det 𝛴 (see Babuška et al. (2002)).
For the given data set , in the plane with weights 𝑤𝑖 > 0, we define

the corresponding covariance matrix

cov() = 1
𝑊

𝑚
∑

𝑖=1
𝑤𝑖(�̄� − 𝑎𝑖)(�̄� − 𝑎𝑖)𝑇 , 𝑊 =

𝑚
∑

𝑖=1
𝑤𝑖, (3)

where �̄� = mean() is the centroid of the data set . It is easy to see
that the covariance matrix is symmetric and positive definite, which
enables us to define the Mahalanobis distance-like function.

Example 1. For the matrix 𝛴1 from Example 2 and centre 𝐶 = (3, 3),
by using Multinormal Distribution

1 We obtain ⌊𝑥⌋ by using Mathematica-module Floor.
3

Fig. 2. The data set  generated by the Multinormal Distribution and the matrix 𝛴1
from Example 2.

In[1]:= m = 500; CC = {3, 3}; Sigma = {{3.25, -1.229},
{-1.229, 1.75}};
A= RandomReal[MultinormalDistribution[CC, Sigma], m]

we obtained the data set , shown in Fig. 2. On the basis of these data
and according to (3), we determine the covariance matrix. By using this
matrix, the Mahalanobis distance-like function (1) will be defined and
the corresponding M-circle is also shown in Fig. 2.

A partition of the set  into 1 ≤ 𝑘 ≤ 𝑚 disjoint nonempty subsets
𝜋1,… , 𝜋𝑘, such that
𝑘
⋃

𝑗=1
𝜋𝑗 = , 𝜋𝑟 ∩ 𝜋𝑠 = ∅, 𝑟 ≠ 𝑠, |𝜋𝑗 | ≥ 1, 𝑗 = 1,… , 𝑘, (4)

is a 𝑘-partition 𝛱 = {𝜋1,… , 𝜋𝑘} of the set . The globally optimal 𝑘-
partition with ellipsoidal clusters is a solution to the following global
optimisation problem (see e.g. Kogan (2007) and Sabo and Scitovski
(2015))

argmin
𝛱

𝑀 (𝛱), 𝑀 (𝛱) =
𝑘
∑

𝑗=1

∑

𝑎∈𝜋𝑗

𝑑(𝑗)𝑚 (𝑐𝑗 , 𝑎, 𝛴𝑗 ), (5)

where 𝑐𝑗 is the centroid and 𝛴𝑗 is the covariance matrix of the cluster
𝜋𝑗 . The problem (5) is equivalent with the following global optimisation
problem (see Späth (1983))

argmin
𝑐1 ,…,𝑐𝑘∈R2

𝐹𝑀 (𝑐1,… , 𝑐𝑘), 𝐹𝑀 (𝑐1,… , 𝑐𝑘) =
𝑚
∑

𝑖=1
min
1≤𝑗≤𝑘

𝑑(𝑗)𝑚 (𝑐𝑗 , 𝑎𝑖, 𝛴𝑗 ) (6)

The partition with the most appropriate number of ellipsoidal clus-
ters will be searched for by a combination of Incremental and k-means
algorithm. Both algorithms are iterative processes which will be de-
scribed shortly. It is known that (see e.g. Späth (1983)), by using the
so-called normalised M distance-like function

𝑑𝑀 (𝑥, 𝑦;𝛴) =
√

det 𝛴(𝑥 − 𝑦)𝑇𝛴−1(𝑥 − 𝑦), (7)

the 𝑘-means algorithm does not increase the objective function value
in each step.

Example 2. If we use the normalised M distance-like function (7) in
(2), we obtain the normalised M-circle. Fig. 3a shows the M-circle (thin)
and the normalised M-circle (thick) with the centre 𝐶 = (3, 3) for the
matrix 𝛴1 =

[

3.25 −1.299
−1.299 1.75

]

, and Fig. 3b shows the M-circle (thin)

and the normalised M-circle (thick) for the matrix 𝛴2 =
[

0.48 0.135
0.135 0.33

]

.

The area of the normalised M-circle is equal to 𝜋 and the product of
semi-axes is equal to 1.
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Fig. 3. M-circles (thin ellipses) and normalised M-circles (thick ellipses).

4.1. Methods for searching for an optimal partition

As previously mentioned, we will search for an optimal 𝑘-partition
by using a method which is a combination of the Incremental and
k-means algorithm. Both shall be described shortly.

4.1.1. Mahalanobis 𝑘-means algorithm
A standard 𝑘-means algorithm is well known in the literature (see

e.g. Kogan (2007) and Scitovski and Sabo (2014)). A Mahalanobis 𝑘-
means algorithm will be constructed on the basis of the normalised
Mahalanobis distance-like function (7). For the given set  ⊂ R2 and
for the selected set 𝑧1,… , 𝑧𝑘 ∈ R2 of mutually different points for every
𝑗 ∈ 𝐽 = {1,… , 𝑘}, one should determine clusters

𝜋𝑗 = {𝑎𝑖 ∈  ∶ ‖𝑧𝑗 − 𝑎𝑖‖ ≤ ‖𝑧𝑠 − 𝑎𝑖‖ ∀𝑠 ∈ 𝐽},

their centroids 𝑐𝑗 ∶= mean[𝜋𝑗 ], covariance matrices: 𝛴𝑗 ∶=
1
𝑚
∑

𝑎∈𝜋𝑗 (𝑐𝑗 −
𝑎)(𝑐𝑗 − 𝑎)𝑇 and normalised M distance-like functions: 𝑑(𝑗)𝑀 (𝑥, 𝑦, 𝛴𝑗 ) ∶=
√

det 𝛴𝑗 (𝑥 − 𝑦)𝑇𝛴−1
𝑗 (𝑥 − 𝑦) at the beginning of the Mahalanobis 𝑘-

eans algorithm by using the minimal distance principle. After that,
he following two steps will successively interchange:

tep A: (Assignment step) For the given centroids 𝑐𝑗 ∈ R𝑛, covari-
ance matrices 𝛴𝑗 and M distance-like functions: 𝑑(𝑗)𝑀 (𝑥, 𝑦, 𝛴𝑗 ),
determine

𝜋𝑗 = {𝑎𝑖 ∈ ∶ 𝑑(𝑗)𝑀 (𝑐𝑗 , 𝑎𝑖, 𝛴𝑗 ) ≤ 𝑑(𝑠)𝑀 (𝑐𝑠, 𝑎𝑖, 𝛴𝑠), ∀𝑠 ∈ 𝐽},

𝑗 = 1,… , 𝑘

by using minimal distance principle new clusters;
tep B: (Update step) For the given partition 𝛱 = {𝜋1,… , 𝜋𝑘},

determine centroids: 𝑐𝑗 ∶= mean[𝜋𝑗 ], covariance matrices
𝛴𝑗 ∶=

1
𝑚
∑

𝑎∈𝜋𝑗 (𝑐𝑗−𝑎)(𝑐𝑗−𝑎)𝑇 and normalised M distance-like
functions 𝑑(𝑗)𝑀 (𝑥, 𝑦, 𝛴𝑗 ) ∶=

√

det 𝛴𝑗 (𝑥 − 𝑦)𝑇𝛴−1
𝑗 (𝑥 − 𝑦).

A Mahalanobis 𝑘-means algorithm constructed in this way gives
a locally optimal partition in finitely many steps, and the objective
function value monotonically decreases (see e.g. Späth (1983)).

4.1.2. The Mahalanobis incremental algorithm
The standard Incremental algorithm (see e.g. Bagirov (2008),

Bagirov et al. (2020) and Scitovski and Scitovski (2013)) begins by
selecting a single initial centre 𝑐1 ∈ R2. For example, this centre can
be the centroid of the set . The next centre 𝑐2 will be obtained as a
solution to the global optimisation problem for the function 𝛷∶ R2 →

R:

𝑐2 ∈ argmin
𝑥∈R2

𝛷(𝑥), 𝛷(𝑥) ∶=
𝑚
∑

𝑖=1
min{‖𝑐1 − 𝑎𝑖‖

2, ‖𝑥 − 𝑎𝑖‖
2}.

After that, we apply the Mahalanobis 𝑘-means Algorithm to centres
𝑐1, 𝑐2 and, in this way, we obtain centres 𝑐⋆1 , 𝑐

⋆
2 of the locally optimal

(2)
4

2-partition 𝛱 .
Generally, knowing 𝑘 of the centres 𝑐⋆1 ,… , 𝑐⋆𝑘 , the next centre 𝑐𝑘+1
will be obtained as the solution to the global optimisation problem for
the function 𝛷∶ R2 → R:

𝑐𝑘+1 ∈ argmin
𝑥∈R2

𝛷(𝑥), 𝛷(𝑥) ∶=
𝑚
∑

𝑖=1
min{𝛿𝑖𝑘, ‖𝑥 − 𝑎𝑖‖

2}, (8)

where 𝛿𝑖𝑘 = min1≤𝑠≤𝑘 ‖𝑐⋆𝑠 −𝑎𝑖‖2. Here we can apply several (for example
10) iterations of the algortihm DIRECT (see Jones and Martins (2020),
Jones et al. (1993), Finkel (2003), Grbić et al. (2013) and Paulavičius
et al. (2020)).

After that, by applying the Mahalanobis 𝑘-means Algorithm, we
obtain centres (𝑐⋆1 ,… , 𝑐⋆𝑘+1) of the locally optimal (𝑘 + 1)-partition
𝛱 (𝑘+1).

emark 1. Note that the algorithm could have been similarly run from
ore than one initial centre.

.2. Choosing a partition with the most appropriate number of ellipsoidal
lusters

For determining a partition with the most appropriate number
f ellipsoidal clusters, we will use several generalised indexes (see
.g. Vendramin et al. (2009)) that are the result of adjusting to the
ahalanobis distance-like function (see Morales-Esteban et al. (2014)).

et 𝛱 = {𝜋1,… , 𝜋𝑘} be a partition of the set  ⊂ R2 with 𝑚 = ||

elements, where, for each cluster 𝜋𝑗 , its centroid 𝑐𝑗 = mean(𝜋𝑗 ), a
corresponding covariance matrix 𝛴𝑗 = 1

|𝜋𝑗 |
∑

𝑎∈𝜋𝑗 (𝑐𝑗 − 𝑎)(𝑐𝑗 − 𝑎)𝑇 and

distance-like function 𝑑(𝑗)𝑀 set with (7) have been determined.

• the Mahalanobis Calinski--Harabasz index shall be defined as:

𝙼𝙲𝙷[𝚔] =
1

𝑘−1
∑𝑘

𝑗=1 𝑑
(𝑗)
𝑀 (𝑐,𝑐𝑗 ,𝛴𝑗 )

1
𝑚−𝑘

∑𝑘
𝑗=1

∑

𝑎∈𝜋𝑗 𝑑
(𝑗)
𝑀 (𝑐𝑗 ,𝑎,𝛴𝑗 )

, 𝑐 = mean[]; (9)

• the Mahalanobis Davies--Bouldin index shall be defined as:

𝙼𝙳𝙱[𝚔] = 1
𝑘

𝑘
∑

𝑗=1
max
𝑠≠𝑗

𝑉 (𝜋𝑗 ) + 𝑉 (𝜋𝑠)

𝑑(𝑗)𝑀 (𝑐𝑗 , 𝑐𝑠, 𝛴𝑗 + 𝛴𝑠)
,

𝑉 (𝜋𝑗 ) =
∑

𝑎𝑠∈𝜋𝑗

𝑑(𝑗)𝑀 (𝑐𝑗 , 𝑎𝑠, 𝛴𝑗 );
(10)

• the Mahalanobis Simplified Silhouette Width Criterion
(MSSWC) shall be defined in such a way that, for every 𝑎𝑖 ∈
 ∩ 𝜋𝑟, we calculate numbers:

𝛼𝑖𝑟 = 𝑑(𝑟)𝑀 (𝑐𝑟, 𝑎𝑖, 𝛴𝑟), 𝛽𝑖𝑟 = min
𝑠≠𝑟

𝑑(𝑠)𝑀 (𝑐𝑠, 𝑎𝑖, 𝛴𝑠), 𝑠𝑖 =
𝛽𝑖𝑟 − 𝛼𝑖𝑟

max{𝛼𝑖𝑟, 𝛽𝑖𝑟}
,

and, after that, the MSSWC-index is defined as the average:

𝙼𝚂𝚂𝚆𝙲[𝚔] = 1
𝑚

𝑚
∑

𝑖=1
𝑠𝑖. (11)

• the Mahalanobis Area index is proportional to the sum of
relative areas of all clusters in a partition, and shall be defined
analogously to the Fuzzy Hypervolume index in Gath and Geva
(1989):

𝙼𝙰𝚛𝚎𝚊[𝚔] =
𝑘
∑

𝑖=1

1
|𝜋𝑗 |

det 𝛴𝑗 . (12)

The partition with the highest MCH-index, that is the partition with
the lowest MDB-index, that is the partition with the highest MSSWC-
ndex, that is the partition with the lowest MArea-index shall be

referred to as the Mahalanobis partition with the most acceptable number

of clusters (Mahalanobis MAPart).
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Fig. 4. Earthquakes in a wide area of the Iberian Peninsula.
4.3. The analysis of the cluster 𝜋⋆
𝑗

Each cluster 𝜋⋆
𝑗 from MAPart 𝛱⋆ contains earthquake data with

a previously known geographical position 𝑎𝑖 = (𝜆𝑖, 𝜑𝑖), absolute time
𝜏𝑖 and magnitude 𝑀𝑖 > 0. We will study the incidence of earthquake
events with a magnitude 4 ≤ 𝑀 < 5, and the incidence of earthquake
events with a magnitude 𝑀 ≥ 5 in the cluster 𝜋⋆

𝑗 .

(i) Let 𝚢(𝑗4) (i.e. 𝚢(𝑗5)) be the first year in which an earthquake of
magnitude 4 ≤ 𝑀 < 5 (i.e. 𝑀 ≥ 5) occurred in the cluster 𝜋⋆

𝑗 ;
(ii) Let 𝑟 ≥ 1 be an integer and let us consider the sequences of the

following 𝑟 + 1 absolute years:

𝚈(𝑠)𝑟 = {𝚢(𝑠), 𝚢(𝑠+1),… , 𝚢(𝑠+𝑟)}, 𝑠 + 𝑟 ≤ 120, (13)

for 𝑠 = 𝑗4, 𝑗4 + 1,… in case 4 ≤ 𝑀 < 5, and 𝑠 = 𝑗5, 𝑗5 + 1,… in
case 𝑀 ≥ 5;

(iii) Let �̂�(𝑗4) ≥ 1 be the smallest integer such that in each sequence
(𝚈(𝑠)𝑟 , 𝑠 = 𝑗4, 𝑗4 + 1,… , 120 − �̂�(𝑗4)) at least one earthquake of
magnitude 4 ≤ 𝑀 < 5 occurred in the cluster 𝜋⋆

𝑗 ;
Similarly, let �̂�(𝑗5) ≥ 1 be the smallest integer such that in each
sequence (𝚈(𝑠)𝑟 , 𝑠 = 𝑗5, 𝑗5 +1,… , 120− �̂�(𝑗5)) at least one earthquake
of magnitude 𝑀 ≥ 5 occurred in the cluster 𝜋⋆

𝑗 ;
(iv) The number �̂�(𝑗4) represents the incidence with which earthquakes

of magnitude 4 ≤ 𝑀 < 5 occur in the cluster 𝜋⋆
𝑗 . For example,

�̂�(𝑗4) = 10 means that every 10 years one can expect at least one
earthquake of magnitude 4 ≤ 𝑀 < 5 in this cluster and similarly
for �̂�(𝑗5).

Note that, by using this approach, we did not have to consider fore
and aftershocks (see Martínez-Álvarez et al. (2013)).

5. The Iberian Peninsula region

Let us consider earthquake data in the wide area of the Iberian
Peninsula region [−12, 5] × [34, 44]. In the period from June 24, 1910
till October 25, 2019, 5618 earthquakes with magnitude a 𝑀 ≥ 3.5
occurred in this area. There were 3798 earthquakes with magnitude
𝑀 ≥ 4, 1694 earthquakes with magnitude 𝑀 ≥ 5 and 126 earth-
quakes with magnitude 𝑀 ≥ 6, (see Fig. 4a and Burn diagram in
Fig. 5a). The database for the Iberian Peninsula was analysed in detail
in Amaro-Mellado et al. (2017, 2018). In this paper the raw data
(without declustering) have been used. The cut-off magnitude is 1978
for 𝑀 ≥ 3.0. The earthquakes magnitude has been homogenised
following the process described in Amaro-Mellado et al. (2017). Since
the hypocentre of each of the earthquakes is known, a configuration of
the earthquake depths is shown graphically in (Fig. 4b) by applying
the Mathematica-modul ListPlot3D. A graphical representation of
earthquake magnitudes (Fig. 4c) in constructed in a similar way.

By using the method described in Section 4, optimal partitions with
2, 3,… , 21 clusters were found. The corresponding values of the Ma-
halanobis Calinski–Harabasz index (MCH), the Mahalanobis Davies–
Bouldin index (MDB), the Mahalanobis Simplified Silhouette Width
5

Fig. 5. Burn diagram (𝑀 ≥ 3.5) of data points for the Iberian Peninsula.

Table 2
Summarised results for the areas 𝜋⋆

1 (SW IP) and 𝜋⋆
2 (SE IP) contained in MAPart

for the Iberian Peninsula with 4 clusters.
Area Number of earthquakes Occurrence incidences

𝑀 > 3.5 4 ≤ 𝑀 < 5 𝑀 ≥ 5 4 ≤ 𝑀 < 5 𝑀 ≥ 5

𝜋⋆
1 (SW IP) 1111 497 35 2 12

𝜋⋆
2 (SE IP) 2014 651 49 2 10

Criterion (MSSWC) and the Mahalanobis Area index (MArea) are
shown in Fig. 6.

It is immediately visible that the MAPart has 4 clusters. These 4
clusters can be seen in Fig. 7c: 𝜋⋆

1 (South-west of the Iberian Peninsula),
𝜋⋆
2 (South-east of the Iberian Peninsula), 𝜋⋆

3 (Area to the east of
the Iberian Peninsula), 𝜋⋆

4 (North of Spain). Blue and brown denote
two clusters (𝜋⋆

1 , 𝜋
⋆
2 ) which we will specifically analyse regarding

earthquake incidence. The results obtained for these two areas are
summarised in Table 2:

With regard to the number of earthquakes (𝑀 > 3.5), 1111 earth-
quakes happened in the SW IP and 2014 (almost the double) in the
SE IP. Regarding the number of earthquakes (4 ≤ 𝑀 < 5), 497 took
place in the SW IP and 651 in the SE IP. The analysis of the number
of earthquakes of magnitude (𝑀 ≥ 5) has shown that 35 earthquakes
hit in the SW IP and 49 in the SE IP.

It can be observed that the number of years for which at least one
earthquake of magnitude (4 ≤ 𝑀 < 5) happened is 2 for both regions.
With regard to earthquakes of magnitude (𝑀 ≥ 5), it has been observed
that at least one was produced in the SW IP every 12 years and every
10 years for the SE IP.

Let us show the first four iterations of the Incremental algorithm
from which it is visible how MAPart (see Fig. 7) incurs. Note that
the ellipses in figures include 95% of data points of a cluster in the
𝑑𝑀 -neighbourhood of the centroid.

Also, on the basis of indexes mentioned earlier (see Fig. 6), a
partition with 11 clusters 𝛱⋆ (see Fig. 8b) can be considered as a
11
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Fig. 6. Indexes (MCH, MDB, MSSWC, MArea) for the Iberian Peninsula.
Fig. 7. First four iterations of the Incremental algorithm from which it is visible how MAPart incurs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Fig. 8. MAPart 𝛱⋆
4 with 4 and MAPart 𝛱⋆

11 with 11 ellipsoidal clusters in the region of the Iberian Peninsula. Blue clusters (𝜋⋆
11 , 𝜋

⋆
12 , 𝜋

⋆
13 ∈ 𝛱⋆

11) stem from the cluster 𝜋⋆
1 ∈ 𝛱⋆

4 .
Brown clusters 𝜋⋆

21 , 𝜋
⋆
22 , 𝜋

⋆
23 ∈ 𝛱⋆

11 stem from the cluster 𝜋⋆
2 ∈ 𝛱⋆

4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
5

5

m

F
t
2
4

F
o
F

sufficiently appropriate partition. In this case, 6 clusters have been
examined in detail:

(a) clusters that stem from 𝜋⋆
1 (SW IP) are denoted blue: 𝜋⋆

11 (West-
ern Azores–Gibraltar fault), 𝜋⋆

12 (Eastern Azores–Gibraltar fault),
𝜋⋆
13 (Central Portugal);

(b) clusters that stem from 𝜋⋆
2 (SE IP) are denoted brown: 𝜋⋆

21 (the
Alboran Sea), 𝜋⋆

22 (South-eastern Spain) and 𝜋⋆
23 (East Spain).

The results obtained for these areas are summarised in Table 3.
The results for the SW IP have shown that most earthquakes have a
marine epicentre. It should be noted that there were 22 earthquakes of
magnitude (𝑀 ≥ 5) in the Western Azores–Gibraltar fault and 10 in the
Eastern Azores–Gibraltar fault. Hence, the number of years after which
at least one earthquake of magnitude (𝑀 ≥ 5) happened is 15 for the
Eastern Azores–Gibraltar fault and 32 for the Western Azores–Gibraltar
fault.

With regard to the SE IP, it can be observed that the largest
number of earthquakes for all the ranges is the Alboran Sea > South-
eastern Spain > East of Spain. It is interesting to note that at least one
earthquake of magnitude (4 ≤ 𝑀 < 5) hit every 5 years in these 3 areas.
Moreover, this rate was 20 years for the Alboran Sea and the South-east
of Spain, considering earthquakes of magnitude (𝑀 ≥ 5).

These areas will also be specifically analysed regarding earthquake
6

incidence. 1
Table 3
Summary of the results selected for the Iberian Peninsula with 11 clusters.

Area Number of earthquakes Occurrence incidences

𝑀 > 3.5 4 ≤ 𝑀 < 5 𝑀 ≥ 5 4 ≤ 𝑀 < 5 𝑀 ≥ 5

𝜋11 (W Azores–Gibraltar) 605 271 22 10 32
𝜋12 (E Azores–Gibraltar) 361 171 10 5 15
𝜋13 (Central Portugal) 142 57 3 10 –

𝜋21 (the Alboran Sea) 1111 353 30 5 20
𝜋22 (SE Spain) 610 209 14 5 20
𝜋23 (East Spain) 286 81 5 5 –

.1. MAPart 𝛱⋆
4

.1.1. Cluster 𝜋⋆
1 ∈ 𝛱⋆

4 (South-west of the Iberian Peninsula)
In the cluster 𝜋⋆

1 ∈ 𝛱⋆
4 (see Fig. 8a), 1111 earthquakes with

agnitude 𝑀 ≥ 3.5 occurred in the period 1915–2020.
A total of 497 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see

ig. 9a, and Table 2) in the cluster 𝜋⋆
1 ∈ 𝛱⋆

4 . Also, it can be noticed
hat at least one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every
years (see Fig. 9b) – the last such earthquake occurred on September
, 2018 at 6:12:56 (𝑀 = 4.8).

A total of 35 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
ig. 10a) in the cluster 𝜋⋆

1 ∈ 𝛱⋆
4 . Also, it can be noticed that at least

ne earthquake with magnitude 𝑀 ≥ 5 occurred every 12 years (see
ig. 10b). The last such earthquake occurred on September 17, 2015 at
5:11:44 (𝑀 = 5).
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Fig. 9. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 2 year
cycle in the cluster 𝜋⋆

1 .

Fig. 10. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 12 year
cycle in the cluster 𝜋⋆

1 .

Fig. 11. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 2 year
cycle in the cluster 𝜋⋆

2 .

5.1.2. Cluster 𝜋⋆
2 ∈ 𝛱⋆

4 (South-east of the Iberian Peninsula)
In the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 (see Fig. 8a and Table 2), 2014 earthquakes

with magnitude 𝑀 ≥ 3.5 occurred in the period 1915–2020.
A total of 643 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see

Fig. 11a) in the cluster 𝜋⋆
1 ∈ 𝛱⋆

4 . Also, it can be noticed that at least
one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 2 years (see
Fig. 11b) – the last such earthquake occurred on October 18, 2019 at
15:54:11 (𝑀 = 4.5).

A total of 49 earthquakes with magnitude 𝑀 ≥ 5 which occurred
(see Fig. 12a) in the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 . Also, it can be noticed that at

least one earthquake with magnitude 𝑀 ≥ 5 occurred every 10 years
(see Fig. 12b). The last such earthquake occurred on May 28, 2016 at
23:54:53 (𝑀 = 5.4). There were 10 earthquakes of magnitude 𝑀 ≥ 5
that year.

5.2. MAPart 𝛱⋆
11

In MAPart 𝛱⋆
11, we will give a more detailed analysis of clusters

𝜋⋆
11, 𝜋

⋆
12, 𝜋

⋆
13 ∈ 𝛱⋆

11, which obviously stem from the cluster 𝜋⋆
1 ∈ 𝛱⋆

4
and which are denoted blue. We will also analyse clusters 𝜋⋆

21, 𝜋
⋆
22, 𝜋

⋆
23 ∈

𝛱⋆
11, which stem from the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 and which are denoted

brown (see Fig. 8b).

5.2.1. Cluster 𝜋⋆
11 ∈ 𝛱⋆

11 (Western Azores–Gibraltar fault)
Cluster 𝜋⋆

11 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

1 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
11 ∈ 𝛱⋆

11 (see Fig. 8b and Table 3), 605 earthquakes with magnitude
𝑀 ≥ 3.5 occurred in the period 1915–2020.
7

Fig. 12. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 10 year
cycle in the cluster 𝜋⋆

2 .

Fig. 13. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 10
year cycle in the cluster 𝜋⋆

11.

Fig. 14. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 32 year
cycle in the cluster 𝜋⋆

11.

A total of 271 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 13a) in the cluster 𝜋⋆

11 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 10 years
(see Fig. 13b) – the last such earthquake occurred on April 26, 2018 at
3:33:54 (𝑀 = 4.5).

A total of 22 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 14a) in the cluster 𝜋⋆

11 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 𝑀 ≥ 5 occurred every 32 years (see
Fig. 14b). The last such earthquake occurred on November 3, 2014 at
3:39:40 (𝑀 = 5.7).

5.2.2. Cluster 𝜋⋆
12 ∈ 𝛱⋆

11 (Eastern Azores–Gibraltar fault)
Cluster 𝜋⋆

12 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

1 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
12 ∈ 𝛱⋆

11 (see Fig. 8b), 361 earthquakes with magnitude 𝑀 ≥ 3.5
occurred in the period 1915–2020.

A total of 171 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 15a) in the cluster 𝜋⋆

12 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 5 years (see
Fig. 15b) – the last two such earthquakes occurred on August 1, 2016
at 3:48:49 (𝑀 = 4.1) and on March 2, 2016 at 13:41:7 (𝑀 = 4.3) .

Ten earthquakes with magnitude 𝑀 ≥ 5 occurred (see Fig. 16a) in
cluster 𝜋⋆

12 ∈ 𝛱⋆
11. Also, it can be noticed that at least one earthquake

with magnitude 𝑀 ≥ 5 occurred every 15 years (see Fig. 16b). The last
such earthquake occurred on September 17, 2015 at 15:11:44 (𝑀 =

5.0).
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Fig. 15. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 5 year
cycle in the cluster 𝜋⋆

12.

Fig. 16. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 15 year
cycle in the cluster 𝜋⋆

12.

Fig. 17. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 10
year cycle in the cluster 𝜋⋆

13.

5.2.3. Cluster 𝜋⋆
13 ∈ 𝛱⋆

11 (Central Portugal)
Cluster 𝜋⋆

13 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

1 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
13 ∈ 𝛱⋆

11 (see Fig. 8b), 142 earthquakes with magnitude 𝑀 ≥ 3.5
occurred in the period 1915–2020.

A total of 57 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 17a) in the cluster 𝜋⋆

13 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 10 years (see
Fig. 17b) – the last such earthquake occurred on September 4, 2018 at
6:12:56 (𝑀 = 4.8).

Three earthquakes with magnitude 𝑀 ≥ 5 occurred in the cluster
𝜋⋆
13 ∈ 𝛱⋆

11 – the last such earthquake occurred on July 24, 2002 at
4:13:42 (𝑀 = 5.3).

5.2.4. Cluster 𝜋⋆
21 ∈ 𝛱⋆

11 (The Alboran Sea)
Cluster 𝜋⋆

21 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
21 ∈ 𝛱⋆

11 (see Fig. 8b), 1111 earthquakes with magnitude 𝑀 ≥ 3.5
occurred in the period 1915–2020.

A total of 353 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 18a) in the cluster 𝜋⋆

21 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 5 years (see
Fig. 18b) – the last such earthquake occurred on February 16, 2019 at
4:35:35 (𝑀 = 4.3).

A total of 30 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 19a) in the cluster 𝜋⋆

21 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 𝑀 ≥ 5 occurred every 35 years (see
Fig. 19b) – the last such earthquake occurred on March 15, 2016 at
4:40:39 (𝑀 = 5.2).
8

Fig. 18. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 5 year
cycle in the cluster 𝜋⋆

21.

Fig. 19. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 35 year
cycle in the cluster 𝜋⋆

21.

Fig. 20. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 5 year
cycle in the cluster 𝜋⋆

22.

5.2.5. Cluster 𝜋⋆
22 ∈ 𝛱⋆

11 (the South-east of Spain)
Cluster 𝜋⋆

22 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
22 ∈ 𝛱⋆

11 (see Fig. 8b), 610 earthquakes with magnitude 𝑀 ≥ 3.5
occurred in the period 1915–2020.

A total of 209 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 20a) in the cluster 𝜋⋆

22 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 5 years (see
Fig. 20b) – the last such earthquake occurred on October 25, 2019 at
9:35:48 (𝑀 = 4.4).

Fourteen earthquakes with magnitude 𝑀 ≥ 5 occurred (see Fig. 21a)
in the cluster 𝜋⋆

22 ∈ 𝛱⋆
11. Also, it can be noticed that at least one

earthquake with magnitude 𝑀 ≥ 5 occurred every 20 years (see
Fig. 21b) – the last such earthquake occurred on March 19, 2013 at
3:11:31 (𝑀 = 5.5).

5.2.6. Cluster 𝜋⋆
23 ∈ 𝛱⋆

11 (the East of Spain)
Cluster 𝜋⋆

23 ∈ 𝛱⋆
11 stems from the cluster 𝜋⋆

2 ∈ 𝛱⋆
4 . In the cluster

𝜋⋆
23 ∈ 𝛱⋆

11 (see Fig. 8b), 286 earthquakes with magnitude 𝑀 ≥ 3.5
occurred in the period 1915–2020.

A total of 81 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 22a) in the cluster 𝜋⋆

23 ∈ 𝛱⋆
11. Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 5 years (see
Fig. 22b) – the last such earthquake occurred on August 13, 2018 at
14:40:4 (𝑀 = 4.0).

Five earthquakes with magnitude 𝑀 ≥ 5 occurred in the cluster
𝜋⋆ ∈ 𝛱⋆ . Also, it can be noticed that at least one earthquake with
23 11
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Fig. 21. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 20 year
cycle in the cluster 𝜋⋆

22.

Fig. 22. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 5 year
cycle in the cluster 𝜋⋆

23.

magnitude 𝑀 ≥ 5 occurred every 55 years. The last such earthquake
occurred on May 11, 2011 at 16:47:26 (𝑀 = 5.1).

6. The Croatia region

Let us consider earthquake data in a wide area of the Croatia region
(13., 19.5) × (42., 46.5). In the period from December 9, 1880 until April
24, 2020, 2795 earthquakes with magnitude 𝑀 ≥ 3.5 occurred in
this area (see Burn diagram in Fig. 25a). A thorough study about the
database of Croatia can be found in Herak et al. (2009). The authors
estimated a cut-off magnitude of 1878 for 𝑀 ≥ 3.7. For this paper, the
database of earthquakes for Croatia has been obtained from http://
earthquake.usgs.gov/earthquakes/eqarchives/epic/. Earthquakes mag-
nitude has not been homogenised and data without declustering has
9

Table 4
Summary of the results for the Croatia region.

Area Number of earthquakes Occurrence incidences

𝑀 > 3.5 4 ≤ 𝑀 < 5 𝑀 ≥ 5 4 ≤ 𝑀 < 5 𝑀 ≥ 5

Dubrovnik 231 123 18 7 40
Ston–Metković 529 263 32 5 22
Šibenik–Split 279 150 18 7 30
Gospić–Ogulin 125 52 17 12 45
Zagreb 199 83 16 10 50

been used. Similarly to the Iberian Peninsula region, a configuration
of the earthquake depths (Fig. 23b) and their magnitudes (Fig. 23c) is
graphically shown graphically.

By using the method described in Section 4, optimal partitions with
2, 3,… , 16 clusters were found. The corresponding values of the Ma-
halanobis Calinski–Harabasz index (MCH), the Mahalanobis Davies–
Bouldin index (MDB), the Mahalanobis Simplified Silhouette Width
Criterion (MSSWC) and the Mahalanobis Area index (MArea) are
shown in Fig. 24.

On the basis of these indexes we conclude that MAPart has 14
clusters (see Fig. 24).

In the sequel, we consider the following clusters: 𝜋⋆
1 (Dubrovnik

area), 𝜋⋆
2 (Ston–Metković area), 𝜋⋆

3 (Šibenik–Split area), 𝜋⋆
4 (Gospić–

Ogulin area), and 𝜋⋆
5 (Zagreb area) with more details (see Fig. 25b).

The results obtained for these areas are summarised in Table 4.
Regarding the number of earthquakes of magnitude (𝑀 > 3.5),

the Ston–Metković area has most events, followed by the Šibenik–Split
area. The area with the smallest number of earthquakes is the Gospić–
Ogulin area. It should be noted that this number is significantly lower
than the next (Zagreb area) and almost a fourth of the Ston–Metković
area.

The analysis of the number of earthquakes of magnitude (4 ≤ 𝑀 <
5) shows similar results: Ston–Metković area > Šibenik–Split area >
Dubrovnik area > Zagreb area > Gospić–Ogulin area. With regard to
the number of earthquakes of magnitude (𝑀 ≥ 5), the largest number
of earthquakes can also be found in the Ston–Metković area but this
number is very similar for all the other areas: Dubrovnik area (18), the
Šibenik–Split area (18), the Gospić–Ogulin area (18) and the Zagreb
area (16).
Fig. 23. Earthquakes in a wide area of the Republic of Croatia.
Fig. 24. Indexes (MCH, MDB, MSSWC, MArea) for the region of Croatia.

http://earthquake.usgs.gov/earthquakes/eqarchives/epic/
http://earthquake.usgs.gov/earthquakes/eqarchives/epic/
http://earthquake.usgs.gov/earthquakes/eqarchives/epic/
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Fig. 25. Data points and the MAPart with 14 ellipsoidal clusters in the region of Croatia: five clusters are highlighted.
Fig. 26. Earthquake incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 7 year
cycle in the cluster 𝜋⋆

1 (Dubrovnik area).

In agreement with the previous results, the number of years for
which at least one earthquake of magnitude (4 ≤ 𝑀 < 5) happened is 5
for the Ston–Metković area, 7 for the Dubrovnik area and the Šibenik–
Split area, 10 for the Zagreb area and 12 for the Gospić–Ogulin area.
With regard to magnitude (𝑀 ≥ 5), it should be noted that at least one
earthquake happened every 22 years in the Ston–Metković area and
every 50 years in the Zagreb area.

6.1. Cluster 𝜋⋆
1 (Dubrovnik area)

In the cluster 𝜋⋆
1 (Dubrovnik area) (see Fig. 25b and Table 4), 231

earthquakes with magnitude 𝑀 ≥ 3.5 occurred.
A total of 123 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred

(see Fig. 26a) in the cluster 𝜋⋆
1 . Also, it can be noticed that at least one

earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 7 years. Fig. 26b
shows the number of earthquakes occurring every 7 years in the time
period observed. In this case, this means that the last 7-year cycle ends
in 2013. Therefore, we named Fig. 26b “7-year cycle incidences”. The
last earthquake with magnitude 4 ≤ 𝑀 < 5 occurred on November 26,
2018 at 14:17:38 (𝑀 = 4.2).

A total of 18 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 27a) in the cluster 𝜋⋆

1 . Also, it can be noticed that at least one
earthquake with magnitude 𝑀 ≥ 5 occurred every 40 years (see
Fig. 27b) – the last three such earthquakes happened in 1979: on April
15, 1979 at 6:19:46 (𝑀 = 6.8), on April 15, 1979 at 14:43:6 (𝑀 = 5.8)
and on May 24, 1979 at 17:23:18 (𝑀 = 6.1).

6.2. Cluster 𝜋⋆
2 (Ston–Metković area)

In the cluster 𝜋⋆
2 (Ston–Metković area) (see Fig. 25b and Table 4),

529 earthquakes with magnitude 𝑀 ≥ 3.5 occurred.
A total of 263 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred

(see Fig. 28a) in the cluster 𝜋⋆. Also, it can be noticed that at least
10

2

Fig. 27. Earthquake incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 40 year
cycle in the cluster 𝜋⋆

1 (Dubrovnik area).

Fig. 28. Earthquakes incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 5 year
cycle in the cluster 𝜋⋆

2 (Ston–Metković area).

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 5 years
(see Fig. 28b) – the last such earthquake occurred on April 24, 2020 at
11:37:44 (𝑀 = 4.2).

A total of 32 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 29a) in the cluster 𝜋⋆

2 . Also, it can be noticed that at least one
earthquake with magnitude 𝑀 ≥ 5 occurred every 22 years (see
Fig. 29b) – the last such earthquake occurred on November 26, 2019
at 9:19:26 (𝑀 = 5.3). Before that, in last 22 years, another three
earthquakes with magnitude 𝑀 ≥ 5 happened on September 27, 2005
at 0:25:34 (𝑀 = 5.1), on May 23, 2004 at 15:19:7 (𝑀 = 5.3) and on
August 2, 2003 at 10:18:40 (𝑀 = 5.01).

6.3. Cluster 𝜋⋆
3 (Šibenik–Split area)

In the cluster 𝜋⋆
3 (Šibenik–Split area) (see Fig. 25b and Table 4),

279 earthquakes with magnitude 𝑀 ≥ 3.5 occurred.
A total of 150 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred

(see Fig. 30a) in the cluster 𝜋⋆
3 . Also, it can be noticed that at least

one earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 7 years (see
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Fig. 29. Earthquakes incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 22 year
cycle in the cluster 𝜋⋆

2 (Ston–Metković area).

Fig. 30. Earthquakes incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 7 year
cycle in the cluster 𝜋⋆

3 (Šibenik–Split area).

Fig. 31. Earthquakes incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 30 year
cycle in the cluster 𝜋⋆

3 (Šibenik–Split area).

Fig. 30b) – the last such earthquake occurred on February 6, 2020 at
4:10:14 (𝑀 = 4.0).

A total of 18 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 31a) in the cluster 𝜋⋆

3 . Also, it can be noticed that at least one
earthquake with magnitude 𝑀 ≥ 5 occurred every 30 years (see
Fig. 31b) – the last such earthquake happened on November 27, 1990
at 4:51:37 (𝑀 = 5.5) and on November 27, 1990 at 4:37:58 (𝑀 = 5.6).

6.4. Cluster 𝜋⋆
4 (Gospić–Ogulin area)

In the cluster 𝜋⋆
4 (Gospić–Ogulin area) (see Fig. 25b and Table 4),

125 earthquakes with magnitude 𝑀 ≥ 3.5 occurred.
A total of 52 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see

Fig. 32a) in the cluster 𝜋⋆
4 . Also, it can be noticed that at least one

earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 12 years (see
Fig. 32b) – the last such earthquake happened on August 8, 2017 at
9:35:8 (𝑀 = 4).

Seven earthquakes with magnitude 𝑀 ≥ 5 occurred (see Fig. 33a) in
the cluster 𝜋⋆

4 . Also, it can be noticed that at least one earthquake with
magnitude 𝑀 ≥ 5 occurred every 45 years (see Fig. 33b) – the last such
earthquake happened on November 13, 1974 at 5:43:28 (𝑀 = 5.0).

6.5. Cluster 𝜋⋆
5 (Zagreb area)

In the cluster 𝜋⋆
5 (Zagreb area) (see Fig. 25b and Table 4), 199

earthquakes with magnitude 𝑀 ≥ 3.5 occurred.
11
Fig. 32. Earthquakes incidences with magnitude 4 ≤ 𝑀 < 5 per absolute year and the
number of earthquakes with magnitude 4 ≤ 𝑀 < 5 occurring in every successive 12
year cycle in the cluster 𝜋⋆

4 (Gospić–Ogulin area).

Fig. 33. Earthquakes incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 45 year
cycle in the cluster 𝜋⋆

4 (Gospić–Ogulin area).

Fig. 34. Earthquakes incidences with magnitude 𝑀 ≥ 4 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 4 occurring in every successive 10 year
cycle in the cluster 𝜋⋆

5 (Zagreb area).

Fig. 35. Earthquakes incidences with magnitude 𝑀 ≥ 5 per absolute year and the
number of earthquakes with magnitude 𝑀 ≥ 5 occurring in every successive 50 year
cycle in the cluster 𝜋⋆

5 (Zagreb area).

A total of 83 earthquakes with magnitude 4 ≤ 𝑀 < 5 occurred (see
Fig. 34a) in the cluster 𝜋⋆

5 . Also, it can be noticed that at least one
earthquake with magnitude 4 ≤ 𝑀 < 5 occurred every 10 years (see
Fig. 34b) – the last such earthquake occurred on March 22, 2020 at
6:1:1 (𝑀 = 4.6).

A total of 16 earthquakes with magnitude 𝑀 ≥ 5 occurred (see
Fig. 35a) in the cluster 𝜋⋆

5 . Also, it can be noticed that at least one
earthquake with magnitude 𝑀 ≥ 5 occurred every 50 years (see
Fig. 35b) – the last such earthquake occurred on March 22, 2020 at
5:24:4 (𝑀 = 5.5). A detailed analysis of this earthquake was made
in Markušić et al. (2020). Before that, two such earthquakes with
magnitude 𝑀 ≥ 5 happened on September 3, 1990 at 10:48:32 (𝑀 =
5.0) and on June 20, 1974 at 17:8:49 (𝑀 = 5.1)
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7. Discussion

The results show that at least one earthquake of magnitude (4 ≤
𝑀 < 5) for the Croatia region happens every 5–12 years. These earth-
quakes can cause moderate damage. With regard to the earthquakes
of magnitude (𝑀 ≥ 5), at least one earthquake happens within every
22 years for the Ston–Metkovć area and every 50 years for the Zagreb
region. Earthquakes of magnitude (𝑀 ≥ 5) are known to have caused
severe damage, especially those close to the epicentre and with shallow
earthquakes (see Crespo et al. (2013) and Requena-García-Cruz et al.
(2019)). Moreover, the population may be unaware of the danger, no-
tably in the areas where there are longer periods between earthquakes
(40 years for the Dubrovnik area, 45 years for the Gospić–Ogulin area
and 50 years for the Zagreb area).

The results have shown an outstanding seismic activity for the south
of the Iberian Peninsula, notably in the SE IP. It should be noted that
most earthquakes in the SW IP have a marine epicentre, which can be
the reason why some records, especially the older ones, might not have
been registered. Therefore, the seismicity of this area can be higher
than expected. It is known (see Amaro-Mellado et al. (2017, 2018))
that most seismic areas of the IP are in the SE (Granada, Malaga and
Murcia) but it must be highlighted that very large earthquakes (𝑀 > 7)

ith a marine epicentre and long return periods (see Sá et al. (2016))
appen in the SW IP, especially affecting the coastal areas of the South
f Portugal and the coast of Huelva and Cadiz.

Finally, the analysis demonstrates that the largest number of earth-
uakes happens in the East of Spain. However, the Eastern Azores–
ibraltar fault is the area where earthquakes of magnitude (𝑀 ≥ 5)

hit at least one every 15 years, followed by the East of Spain and
South-eastern Spain (both every 20 years).

A comparison between the two countries shows that both have a
moderate seismic activity. With regard to Croatia, the most seismically
active area is the Ston–Metković area with 529 earthquakes, 5 years
for 4 ≤ 𝑀 < 5 and 22 years for 𝑀 ≥ 5. The most seismic areas of
the Iberian Peninsula are the East of Spain (1111 earthquakes, 5 years
for 4 ≤ 𝑀 < 5 and 20 years for 𝑀 ≥ 5), and the Eastern Azores–
Gibraltar fault (361 earthquakes, 5 years for 4 ≤ 𝑀 < 5 and 15 years
for 𝑀 ≥ 5). It should be noted that the largest number of earthquakes
take place in the East of Spain. With regard to the number of years
for which at least one earthquake of magnitude (4 ≤ 𝑀 < 5) hit is
5 for the three areas. By contrast, this number is less for the Eastern
Azores–Gibraltar fault, when considering (𝑀 ≥ 5), in spite of being the
area with fewer earthquakes recorded. This can be due to its offshore
location, where not all the earthquakes of minor magnitude have been
recorded. This result is in agreement with the previous research (Sá
et al., 2018) and shows that this area can produce large earthquakes
with marine epicentre that can seriously affect their adjacent areas.

8. Computer code availability

All evaluations were done on the basis of our own Mathematica-
modules in Cluster Analysis and Applications Modules v1.0 – GNU General
Public Licence version 3 freely available at: http://clusters.mathos.unios.
hr/, and were performed on the computer with a 2.90 GHz Intel(R)
Core(TM)i7-75000 CPU with 16GB of RAM.

9. Conclusions

In this paper the earthquake probability of a wide area of the Iberian
Peninsula and the Republic of Croatia are studied. Three parameters
have been used as inputs: the geographical position, the absolute year
and the magnitude. Ellipsoidal clusters have been obtained by using a
combination of the Incremental and the 𝑘-means algorithm. on the basis
of the Mahalanobis Calinski–Harabasz index, the Mahalanobis Davies–
Bouldin index, the Mahalanobis Simplified Silhouette Width Criterion
and the Mahalanobis Area index the MAPart is determined. The most
12

8

appropriate partition for Croatia has been 14 clusters and 4 for the
Iberian Peninsula.

Two different analyses have been carried out for the Iberian Penin-
sula: a) considering four clusters in agreement with the previously
mentioned indexes, and b) 11 clusters that stem from the previous
analysis. In the first, two years have been obtained for (4 ≤ 𝑀 < 5)
for both areas (South-west and South-east of the Iberian Peninsula).
Regarding the magnitude (𝑀 ≥ 5), ten years have been determined
for the South-east of the Iberian Peninsula and 12 for the South-west
of the Iberian Peninsula. In the second analysis, the largest number
of earthquakes has been found in the East of Spain. By contrast, the
least number of years for 𝑀 ≥ 5 has been obtained in the Eastern
Azores–Gibraltar fault.

The results for Croatia have shown that the Ston–Metković area
is the most seismic one. This study has revealed that the number of
years, for which at least one earthquake of magnitude (4 ≤ 𝑀 < 5)
appened, is 5 for the Ston–Metković area, 7 for the Dubrovnik and
he Šibenik-Split area, 10 for the Zagreb area and 12 for the Gospić–
gulin area. Regarding the number of years for (𝑀 ≥ 5), the following
umber of years has been obtained: 22 for the Ston–Metković area, 30
or the Šibenik-Split area, 40 for the Dubrovnik area, 45 for the Gospić–
gulin area and 50 for the Zagreb area. The seismicity in both regions

s moderate. It has been observed that the seismicity in the IP is centred
n the south with many earthquakes offshore.

The probability analysis has demonstrated that earthquakes of mag-
itude (𝑀 ≥ 5) have happened in the Ston–Metković area in Croatia
very 22 years. Regarding the analysis in the Iberian Peninsula, this
ate shows a greater seismic activity, especially in the Eastern Azores–
ibraltar fault and the East of Spain. It should be noted that these kinds
f earthquakes (𝑀 ≥ 5) can cause damage, especially if the epicentre
s nearby.

It should be highlighted that the catalogues cannot be complete for
lder years. Therefore, the results can show a less seismic activity than
hat is real. In this sense, further research should be carried out. Also,

t should be pointed out that the results obtained cannot serve for the
urpose of predicting the next earthquake, but they can surely be useful
nformation in civil engineering.
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