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Abstract  The Arraiolos zone is one of the most 
seismically active intraplate regions in mainland 
Portugal and is characterized by low- to moder-
ate-magnitude events. However, there is a need to 
analyse the characteristics of the seismic source 
parameters in this zone, which is crucial for under-
standing the origin of the zone’s seismicity and 
gaining insights into the stresses involved in the 
rupture processes of seismic events. On January 15, 
2018, an earthquake of magnitude 4.9 ML occurred 
northeast of Arraiolos, near Aldeia da Serra. This 
event was followed by aftershocks with magnitudes 
of up to 3.5 (ML). In the present study, we esti-
mated the source parameters and respective scal-
ing relationships of 82 earthquakes (0.6 ≤ ML ≤ 4.9) 

that occurred in the study area following the 2018 
Arraiolos earthquake. The source parameters were 
estimated from the displacement spectra of the 
P-waves by automatic fitting of the Brune spectral 
model (ω−2). Consequently, the parameters char-
acterizing the seismic source, such as the scalar 
seismic moment (M0), moment magnitude (Mw), 
corner frequency ( fc ), source radius (ro) and stress 
drop (Δσ), were determined. The results show 
that the moment magnitude (Mw) varies between 
0.9 and 4.3. The source radii range from 31.5  m 
to 775.9  m, and the stress drop values (Δσ) range 
from 0.4 bars to 97.0 bars, with an average of 7.3 
bars. Furthermore, most earthquakes occur mainly 
between 12 and 13 km depth, with a range of stress 
drop values (including low and high values). The 
linear relationships between the local and moment 
magnitudes are consistent. An increasing trend was 
observed between the source radii and the seismic 
moments, as expected. It was found that there is no 
linear correlation between stress drops and seismic 
moments. This suggests that the dynamic param-
eters controlling the rupture of larger magnitude 
earthquakes may be different from those of weaker 
earthquakes. Studying seismic source parameters 
in the Arraiolos area is crucial for understanding 
the seismogenic dynamics, as well as to improve 
regional hazard assessment.
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Highlights 

•	 We estimated the seismic source parameters of 
the Arraiolos earthquake of January 15, 2018 (ML 
4.9), and its aftershock sequence, which occurred 
in the Arraiolos region, southern Portugal.

•	 The distribution of focal depths of earthquakes 
shows a large concentration mainly between 12 
and 13 km, suggesting the presence of the main 
nucleation zone of these events.

•	 Large variation of stress drops for different magni-
tude earthquakes in the same tectonic environment.

Keywords  Seismotectonic · Earthquake source 
parameters · Scaling relationships · Arraiolos Seismic 
Zone

1  Introduction

On January 15, 2018 at 11:51:40.1 (UTC), a magnitude 
4.9 (ML) earthquake occurred northeast of Arraiolos, 
with its epicenter near Aldeia da Serra (Lat: 38.783°N, 
Lon: 7.952°W) at a depth of 12 km (Wachilala 
et  al. 2023). This earthquake occurred along a 
WNW–ESE-oriented strike-slip fault (Wachilala et al. 
2023), and was widely felt in central and southern 
Portugal, without causing material or human damage. 
The event reached a maximum intensity (MMI) of VI 
(strong) in Aldeia da Serra (epicenter area), and an 
intensity IV/V (moderate) in the city of Évora, located 
approximately 20 km from the epicenter (Araújo et al. 
2020), and also felt with an intensity of III in cities 
located about 100 km from the epicenter, such as 
Lisbon. The main shock was followed by a sequence of 
aftershocks with magnitudes (ML) ≤ 3.5, which lasted 
for about a month and a half. This seismic sequence 
was the best instrumentally recorded in the region and 
therefore provides a crucial opportunity to understand 
the seismogenic dynamics of the region.

The study of the spectral parameters of seismic 
sources is a valuable tool for understanding the 
geodynamic behaviour of seismic sources and the 
assessment of seismic hazard. One possible method 
for estimating earthquake source parameters is the 
spectral analysis of observed waveforms. To achieve 
this, various methods are employed to enable accurate 
and objective interpretations of seismic spectra to 

provide reliable estimates of source parameters and to 
establish scaling relationships (e.g., Aki 1967; Haskell 
1964; Maruyama 1963; Madariaga 1978; Brune 1970). 
The simplest and most frequently used source model 
is described by the low-frequency spectral level Ω0 
and the corner frequency fc, above which the spectral 
amplitude is assumed to decay as a second power of 
the frequency ω−2 (Aki 1967; Brune 1970, 1971). 
The amplitudes of the low frequencies Ω0 and corner 
frequency (fc) acquired from the envelope of the ω−2 
source seismic spectrum can be used to estimate the 
seismic moment (M0) and rupture dimensions; these 
parameters indicate that the associated stress decreases. 
The relative movement of tectonic plates causes 
accumulations of stress along fault systems, which 
are released during earthquakes (Goebel et  al. 2015). 
The seismic moment M0 or moment magnitude MW 
(Kanamori 1977, 1983; Hanks and Kanamori 1979) is 
widely considered a reliable measure for quantifying 
the magnitudes of earthquakes. These parameters reflect 
the total deformation at the source and are correlated 
with the release of seismic energy (Kanamori 1983).

Seismic source parameters have been extensively 
studied worldwide to characterize the sources of local, 
regional and global earthquakes (e.g., Zobin and 
Havskov 1995; Ottemöller and Havskov 2003; Allmann 
and Shearer 2009; Mandal and Dutta 2011; Denolle 
and Shearer 2016), typically using the Brune spectral 
model (Brune 1970). The use of P-wave spectra for the 
determination of seismic source parameters based on 
the model of Brune (1970) has been adopted in several 
studies, such as Baumbach and Bormann (2012), 
Zobin and Havskov (1995), Tusa et al. (2006) for low-
magnitude local earthquakes, but also for regional 
events (Natale et  al. 1987) or for teleseismic ones 
(Hanks and Wyss 1972; Aptekman et  al. 1988). The 
use of P-wave spectra to determine source parameters 
is advantageous due to their simplicity of identifying 
the onset of first-arriving phase (Watanabe et al. 1996). 
Regarding the Arraiolos earthquake of January 15, 
2018, several studies have been published in the field 
of macroseismicity, seismicity and focal mechanisms, 
and seismic tomography. Araújo et al. (2020) presented 
a study on the macroseismicity associated with this 
earthquake and possible implications on the rupture 
geometry. Wachilala et  al. (2023) characterized the 
seismic activity and focal mechanisms of the Arraiolos 
Seismic Zone, aiming to propose a seismotectonic 
model for this region. Recently, Hamak et  al. (2025) 
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conducted the first study on local seismic tomography 
highlighting the importance of a uniform spatial 
distribution of earthquakes for obtaining accurate 
crustal images through seismic inversion. Despite 
these efforts, there is a need to evaluate the source 
parameters for the earthquakes in this zone, which is 
essential for understanding the seismicity pattern and 
obtaining information about the stresses involved in the 
rupture processes of seismic events. Furthermore, the 
source parameters are valuable for future assessments 
of earthquake hazard in the Arraiolos Seismic Zone.

In this study, we estimate the seismic source 
parameters of 82 events of the 2018 Arraiolos seismic 
sequence, which occurred between January 15 and 
June 30, including the mainshock (ML 4.9). The study 
is based on P-waves displacement spectra analysed 
according the Brune’s (1970) circular seismic source 
model. The dataset covers a magnitude range (0.6 
≤ ML ≤ 4.9). After corrections for attenuation and 
site effects, we calculate the various parameters 
that characterize the source of these events, such as 
seismic moment, moment magnitude, source size, 
and stress drop. Additionally, an attempt was made 
to establish scaling relationships between the source 
parameters of the modelled events in the region. This 
research aims to contribute to the understanding of 
the seismogenesis and the geodynamics of the study 
area, as well as to improve the assessment of the 
associated seismic hazard.

2 � Geology and seismotectonic setting

The Arraiolos zone, located in the Central Alentejo 
region in southern mainland Portugal (Fig.  1), is 
part of the tectonic domain of the Ossa-Morena 
Zone (OMZ), a tectonic domain that is associated 
with the Variscan Orogeny that occurred during the 
upper Paleozoic (480–290 Ma) (Ribeiro et al. 1990). 
The OMZ is the result of extensional tectonic pro-
cesses, accompanied by deep crustal metamorphism 
(Pereira et  al. 2015) and magmatism (Ribeiro et  al. 
1990). The seismotectonic activity of mainland 
Portugal is generally associated with slow deforma-
tion on land (approximately 1  mm/year), driven by 
the offshore oblique collision between the Eurasian 
and Nubian tectonic plates, which occurs at a rate of 
~ 5 mm/year (Argus et al. 1989; Borges et al. 2001; 
DeMets et  al. 2010; Bezzeghoud et  al. 2012, 2014; 

Attanayake et al. 2017). Figure 1 illustrates the seis-
motectonic framework of the Arraiolos region at 
the regional scale. This area, also referred to as the 
Arraiolos Seismic Zone, is one of the most signifi-
cant seismically active intraplate zones in mainland 
Portugal and is characterized by low- to moderate-
magnitude events (most events with M < 4, although 
some events exceed M > 4). The seismic activity in 
this region primarily occurs at depths of 12–15 km 
(Wachilala et al. 2023).

Studies conducted by Wachilala et  al. (2023) 
indicate that the seismicity in the Arraiolos zone 
predominantly follows a NW–SE trend. This seismic 
belt is further divided into three seismic subzones: 
the Ciborro seismic zone (CSZ), the Aldeia da Serra 
seismic zone (ASSZ) and the Igrejinha-Azaruja seismic 
zone (IASZ), with the Aldeia da Serra zone being 
the main seismic focus (Wachilala et al. 2023). Focal 
mechanism data from regional events (e.g., Borges 
2001; Wachilala et  al. 2023) indicate predominantly 
strike-slip faulting, along with some reverse faulting. 
These mechanisms, featuring NW–SE-oriented 
P-axes and NE–SW-oriented T-axes, align with the 
morphotectonic features observed in this region. 
The main morphotectonic elements that characterize 
this area are the Aldeia da Serra escarpment, the São 
Gregório fault, the Santana do Campo fault and the 
Ciborro fault (Fig. 2). The mountainous area of Aldeia 
da Serra consists of a granite massif formed by local 
tectonic activity. This N–S-oriented morphotectonic 
feature terminates to the north with a displacement 
of approximately 100 m caused by the E–W-oriented 
São Gregório fault, while its southern slope is gentler 
(Zbyszewski et al. 1979). To the north of the Arraiolos 
hills lies the Santana do Campo escarpment and the 
Sabugueiro tectonic gap. The Santana do Campo 
escarpment, which is of tectonic origin, forms a sharp, 
linear feature with an elevation difference of 80 m to 
the north of the Arraiolos hills (Carvalhosa 1999). 
The Ciborro fault is located within the crystalline 
massif of Serra de Godeal, at the extreme northwest of 
Arraiolos. Its scarp is oriented in a NW–SE direction, 
facing northeast, with elevations ranging from 50 to 
60 m (Araújo et al. 2010). On the northern edge of the 
Serra de Godeal, the Ciborro fault separates the granite 
formations from the overlying Tertiary substratum.

The main geological formations outcropping in 
the region (Fig. 2) are predominantly older and cover 
nearly three-quarters of the area. These formations 
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consist of crystalline terrains, primarily consisting 
of a sequence of metamorphic rocks and intrusive 
(igneous) rocks, with granitoid massifs being the 
dominant feature. These massifs, roughly concordant 
with the surrounding terrains, are typically 
concentrated in late Hercynian macrostructures. 
The represented rock types include tonalites, quartz 
diorites, granites, and granodiorites. Additionally, 
there are subordinate occurrences of gabbro-
dioritic and phyllonian rocks, such as microdiorites, 
microgranites, and pegmatites (Carvalhosa 1999; 
Pereira et  al. 2015). The sedimentary substrates 
formed during the Tertiary and Quaternary periods 
are characterized by clayey sediments, conglomerates 
and limestones. These substrates occupy smaller 
areas within the region and are mainly concentrated 

in the northeastern part, extending to the extreme 
northwest (Zbyszewski et al. 1979; 1980).

3 � Data and methods

3.1 � Data

In this study, we used a dataset of digital seismic signals 
that were recorded by 12 broadband stations (Fig. 3) of 
the Arraiolos network 7 N (Fontiela and Bezzeghoud 
2018) belonging to the Institute of Earth Sciences 
(ICT) of the University of Évora. These stations were 
equipped with Guralp CMG-6 TD/30 s sensors (with a 
flat response between 0.033 Hz and 50 Hz) and 24-bit 
digital recording capabilities. The seismic signals 

Fig. 1   Distribution of seismicity recorded between 1961 and 
2024 in the Arraiolos Seismic Zone, by the Instituto Português 
do Mar e da Atmosfera (IPMA) and complemented with the 
events located by Wachilala et  al. (2023) from January 15 to 
June 30, 2018. The yellow star indicates the Arraiolos earth-

quake of January 15, 2018. The focal mechanisms of some 
events that indicate the current tectonic regime in the region 
are also represented. Grey focal mechanisms were determined 
by Borges et  al. (2001). Black focal mechanisms were deter-
mined by Wachilala et al. (2023)
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were continuously sampled at a frequency of 200 Hz 
(Wachilala et  al. 2023). These stations operated for 
approximately six months (January 15 − June 30, 
2018), following the Arraiolos earthquake of January 
15, 2018. Additionally, permanent seismic stations 
from the national seismic network of IPMA (Instituto 
Português do Mar e da Atmosfera) and the ICT were 
utilized. These stations are equipped with broadband 
seismometers, including Streckheisen STS-2 (120 s/24 

bits), Guralp CMG-40 T (30 s/24 bit), and Nanometrics 
Trillium (120 s/24 bit) models, operating at a sampling 
rate of 100 Hz. These stations cover a radius of 
approximately 60 km around the main seismogenic 
zone of Arraiolos, specifically near Aldeia da Serra.

The data comprises 82 local seismic events 
recorded between January 15 and June 30, 2018, with 
magnitudes ranging from 0.6 ≤ ML ≤ 4.9, all exhibiting 
high all with good signal-to-noise ratios. The epicentres 

Fig. 2   Geological setting of the study region. � Adapted 
from the Geological Chart of Portugal at a scale of 1/500.000 
(Serviços Geológicos de Portugal 1992). 1- Sedimentary 2- 
Sedimentary; 3- Volcano-sedimentary complex. Phyllites, 
black schists, quartzites, psammites XM; basic volcanites V �
6; 4- Shists and psammites; 5- Shists, greywackes, and basic 
volcanites; 6- Migmatized series; amphibolites; 7- Granites; 

8- Granodiorites and tonalites; 9- porphyritic two-mica gran-
ite; 10- Porphyroid biotite-granites; 11- Granodiorites and 
granites; 12- Tonalites; 13- Diorites and gabbros. The main 
outcropping faults observed in this region are represented: 
CF – Ciborro Fault; SCF – Santana do Campo Fault; MAS – 
Mountain massif of Aldeia da Serra; SGF – São Gregório 
Fault; IF – Igrejinha Fault
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of these events are located in the Arraiolos Seismic 
Zone and surrounding areas. Figure  3 shows the 
epicentral distribution of the 82 earthquakes (orange 
circles) included in our dataset for source spectral 
analysis, whereas Table  1 (in the appendix) provides 
the hypocentral parameters of the corresponding 
seismic events. Detailed information on the hypocentral 
locations of the entire seismic sequence is available in 
Wachilala et  al. (2023). The uncertainties involved in 
the estimates of the epicenters and depth are minor that 
3  km, and 0.3 s in the origin time (RMS). The focal 
depth falls in the range of 11.4 to 21.2 km, with depths 
mainly from 12 to 13 km.

3.2 � Methodology

The analysis of seismic source parameters on the basis 
of the displacement spectra of P-waves was carried 
out as follows: First, the selected seismic P-wave 
signals were corrected by removing the mean values. 
Time windows were selected from the recordings 
of the vertical components of the P-waves. The time 
windows employed are in the range of 0.9 s to 4.2 s, 
starting 0.1 s before the arrival time. The choice of 
window length depends on the epicentral distance 
in order to avoid the influence of S-waves. A 10% 
cosine taper was applied to both ends of the window. 

Fig. 3   Epicentral distribution of seismic events that occurred 
in 2018, located by Wachilala et al. (2023). The orange circles 
indicate the events analyzed in this study. The red star indicates 
the 2018 mainshock. The triangles indicate the broadband seis-

mic stations used in this study. Brown triangles: temporary 
stations of the Institute of Earth Sciences (ICT), University 
of Évora and blue triangles: permanent stations of IPMA and 
ICT, respectively
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The displacement spectra were then calculated using 
the fast Fourier transform (FFT). The spectra were 
subsequently corrected for the instrumental response, 
and attenuation corrections were applied, based on the 
observations of Pujades et al. (1990), who investigated 
the seismic wave attenuation throughout the Iberian 
Peninsula. In the region covering the study area, Q0 = 
300. We assume the relationship Q0(f) = 300 f 0.70.

3.3 � Determination of source parameters

The seismic source parameters were estimated using 
Brune’s circular source model (1970). The displace-
ment amplitude spectra were obtained from the 
P-wave spectra and fitted to the Brune source model 
and can be expressed (Brune 1970, 1971) as:

where M0 is the seismic moment (Nm), F is a factor 
of 2.0 × 0.6 to account for the effect of the free sur-
face and the radiation pattern, G(Δ,h) is geometric 
spreading, ∆ is the epicentral distance (km), h is the 
hypocentral depth (km), D(f) is the attenuation func-
tion due to anelastic attenuation, f is the frequency 
(Hz), � is the density (g/cm3), v is the velocity at the 
source (km/s) of the P wave or S wave (depending on 
the spectrum of the wave to be used), and fc is the 
corner frequency (Hz).

The attenuation function D(f) is expressed as:

where A(f) is the low-frequency spectral level, κ is 
the high-frequency attenuation factor for the near 
surface, t is the travel time (time from the origin to the 
start of the spectral window), and Q(f) is the quality 
factor that accounts for seismic wave attenuation. The 
near-surface attenuation, represented by the κ factor, 
was estimated using the method of Havskov and 
Ottemöller (2010). The method essentially consists of 
fitting a straight line to the flat part of the displacement 
spectrum where f< fc (frequencies below the likely 
corner frequency). Thus, the κ factor was determined 
from the slope of the logarithmic displacement 
spectrum. The κ values applied in this study range 
from 0.012 to 0.034 s.

(1)S(f ) =
M0F

(

1 + (
f

fc
)2
)

(

4��v3
)

G(Δ, h)D(f )

(2)D(f ) = A(f )e−�fke
−�ft

Q(f )

In this study, the spectral parameters were auto-
matically fitted following the methodology proposed 
by Ottemöller and Havskov (2003) using the SEISAN 
analysis software (Ottemöller et  al. 2016). Using the 
Brune source model (Brune 1970), the observed spec-
tra were matched to a theoretical curve defined by two 
parameters: the low-frequency amplitude spectral level 
Ω0 and the corner frequency fc . From these param-
eters, the remaining seismic source characteristics, 
such as the seismic moment M0, moment magnitude 
Mw, seismic source radius r0 and stress drop ∆σ, were 
derived using the equations of Brune (1970, 1971) 
and Kanamori (1977; Hanks and Kanamori 1979) as 
follows:

where Ω0 is the amplitude level of the spectrum at 
low frequencies.

where v is the velocity P (in km/s) and the constant Kp 
is 0.50 for the P-wave (Brune 1970).

The seismic moment ( M0 ) was calculated in Nm, 
the source radius ( r0 ) in km and the stress drop (∆σ) 
in bars.

4 � Results and discussion

4.1 � Results

Figure 4 show examples of the displacement spectra that 
were estimated from the best-fit P waves, in accordance 
with the ω2 theoretical model (Brune 1970). Figure  5 
shows some examples of displacement spectra obtained 
from one station for four earthquakes of different 
magnitudes, with the respective moment magnitudes 
and corner frequencies determined, illustrating the 
variation of fc for Mw.

(3)M0 =
Ω04��v

3

0.2 × 6.0 × G(Δ, h)

(4)r0 = Kpvp∕fc

(5)Δ� =
7

16
×
M0

r3
0

(6)Mw =
2

3
× log10(M0) − 6.06
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The calculated values of the seismic moment 
(M0), the moment magnitude (Mw), the corner fre-
quency (fc), the source radius ( r0 ) and the associated 
stress drop of the 82 local earthquakes are presented 
in Table  2 (in the appendix), with their respective 
uncertainties (standard deviation errors).

4.2 � Discussion

Numerous studies have established empirical formulas 
that correlate moment magnitude scales with local 
magnitudes. In Fig. 6, we compare the local magnitude 
(ML) values determined by Wachilala et al. (2023) with 

Fig. 4   Illustration of some displacement spectra obtained from 
P-waves, for the mainshock (ML 4.9) on January 15, 2018. The 
black lines represent the observed source spectra for the ver-

tical components of the three seismic stations; the solid blue 
lines represent the theoretical best-fit Brune spectra; and the 
dashed lines represent the noise spectra
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the moment magnitudes (Mw) calculated in this study 
on the basis of Eq. (7). As expected, and in line with 
Kanamori and Anderson (1975), the ML values are 
linearly related to Mw. Using our dataset, we derived the 
following relationship between the two magnitudes, the 
local magnitude (ML) and the moment magnitude (Mw) 
(Fig. 6):

The slope is 0.71, and the correlation coefficient is 
0.94. The comparison between ML and Mw shows good 
correspondence within the analysed magnitudes (0.6 
≤ ML ≤ 4.9). These results agree with the relationship 
proposed by Havskov et al. (2003), who estimated an 
ML/Mw ratio of 2/3 for Norway; Moratto et al. (2017), 
who derived a scaling relationship between ML and 
Mw for northeastern Italy; and Allen et al. (2004), who 
conducted a study in southeastern Australia. Several 
studies (e.g., Deichmann 2006; Moratto et  al. 2017; 
Allen et  al. 2004) have demonstrated that deviations 
between Mw and ML values may be attributed to 

(7)Mw = 0.71ML + 0.55

various physical factors, such as stress drops, rupture 
velocities, source complexities and rupture, radiation 
patterns, and rupture directivity.

We aim to analyse how the source radius ( r0 ) varies 
with the seismic moment (M0). Figure  7 presents 
a graph with a logarithmic scale that shows the 
relationship between r0 and M0 for the set of seismic 
events included in this study. The diagonal lines on the 
graph that intersect the axes of the source radius and 
seismic moment represent constant stress drop values 
of 0.1, 1, 10 and 100 bars, respectively. Our analysis 
reveals that the logarithms of the seismic moments 
(log(M0)) range from 10.4 to 15.6 Nm, whereas the 
source radius (r0 ) varies between 31.5 and 775.9 m.

Furthermore, approximately 80% of the events 
are limited to a stress drop range of 0.1 to 10 bars, 
whereas the remaining 20% values fall within the 10 
to 100 bar range. On the other hand, as expected, we 
observed a tendency for the source radii to generally 
increase with increasing seismic moment. The 
source radius dimensions (31.5 m to 775.9 m) for 

Fig. 5   Examples of displacement spectra obtained from one 
station for four earthquakes of different magnitudes, with the 
respective moment magnitudes and corner frequencies deter-

mined, illustrating the variation of fc for Mw. The dashed red 
lines represent the corner frequency
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Fig. 6   Relationships 
between local (ML) and 
moment (Mw) magnitudes. 
The best fit by least-squares 
regression (solid line) 
is also shown. where ρ 
represents the correlation 
coefficient

Fig. 7   Relationships 
between the source radius 
( r0 ) and seismic moment 
(M0), with their correspond-
ing error bars. The lines are 
the stress drop constants
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the estimated seismic moments of the study region 
(Arraiolos seismic zone) suggest an intraplate type 
behaviour, how comproved the results of other studies 
of low-magnitude earthquakes in intraplate regions 
(e.g., Jiménez et  al. 2015; Radulian et  al. 2014; 
Moratto et al. 2019).

The stress drop is a critical source parameter for 
understanding the physical mechanisms underlying 
the generation of earthquakes. Figure  8 illustrates 
the variations in the stress drop (Δσ) and the seismic 
moment (M0), which reflect the varying stresses of the 
seismic sources. We found that the three events with 
the highest seismic moment values ​​(log10 M0 > 12.5) 
correspond to high stress drop values, resulting in 
nonlinear relationships with the smaller events ​​(log10 
M0 ≤ 12.5). For this reason, we applied a segmented 
linear fit. The two groups of events can be associ-
ated with two levels of stress drops: one group, with 
an average of approximately 4 ± 6  bar, corresponds 
to the smaller events, while the other group with an 
average of approximately 60 ± 25 bar, corresponds to 

the larger events. However, there are several factors 
that can influence the observed behaviour:

	 (i)	 The difficulty in estimating the corner fre-
quency for earthquakes of lower magnitude;

	(ii)	 The complexity of the fault geometry or block-
ages in the fault segments;

	(iii)	 Local geological properties may play an impor-
tant role in the stress drop behaviour in our 
study region.

It is also important to note that larger magnitude 
earthquakes may have more efficient rupture propaga-
tion mechanisms (Kanamori and Brodsky 2004).

In general terms, the stress drop values (Δσ) varied 
from 0.4 to 97.0 bars (with an average of 7.3 bars), 
corresponding to seismic moment variations of 2.5 
× 1010 – 4.0 × 1015 Nm. The stress drop estimates 
from this study can be compared with stress drops 
obtained by several authors in other intraplate regions. 
For example, the stress drops found by Jiménez et al. 
(2015) in northern Spain range from 0.006 to 29.462 
MPa, with an average value of 1.076 MPa, with 
magnitudes ranging from 1.2 to 5.2. Franceschina 
et al. (2006) in the northeastern region of Italy, with 
events of magnitudes ranging from 2.0 to 5.7, reported 
stress drop values in the range of 0.07 to 5.31 MPa, 
with an average value of 0.73 MPa. Süle and Wéber 
(2013) in Hungary, with events of magnitudes ranging 
from 0.8 to 4.5, reported stress drop values in the 
range of 0.14 to 32.4 bars. Alloncle et  al. (2025) in 
northwestern France obtained values in the range of 
5.4 to 9.4 MPa for the largest magnitude earthquake 
(M = 5.0) in their dataset (M 1.7 to 5.0). However, 
to estimate the accuracy of the stress drop is not an 
easy task, since, being proportional to the cube of the 
corner frequency, the related uncertainty is tripled 
(Moratto et  al. 2019). Several studies have explained 
the possible causes of such high uncertainties (e.g., 
Prieto et  al. 2007; Kane et  al. 2011; Abercrombie 
2015; Kaneko and Shearer 2015). An error of 30% 
(Kane et al. 2011) or 50% in the stress drop estimation 
(Prieto et al. 2007) can be expected.

Figure  9 shows the variation in the stress drop 
with focal depth. Most events occurred mainly within 
the depth range of 12–13 km, resulting in a wide 
range of stress drop values, from 0.4 to 97.0 bars. 
It is important to note that the location of seismic 
sources is subject to some degree of uncertainty 

Fig. 8   Relationships between the stress drop (Δσ) and seis-
mic moment (M0), with their corresponding error bars. The 
circles indicate seismic events. The red regression line defines 
the first line segment for events with (Log10(M0) ≤ 12.5): 
Log10(∆σ) = 0.480x + − 4.837. The correlation coefficient 
is 0.51. R-squared is 0.26. The blue regression line defines 
the second line segment for events with (Log10(M0) > 12.5): 
Log10(∆σ) = 0.056x + 1.041. The correlation coefficient is 
0.46. R-squared is 0.22
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(Bondár and McLaughlin 2009; Kane et  al. 2011). 
For this study, the uncertainties associated with the 
hypocentral location of the events vary range from 
approximatly 0.4 to 3 km. The clusters in the Aldeia 
da Serra zone (main seismic zone of Arraiolos), 
which constitute more than 70% of the events and 
are primarly concentrated at depth 12 to 13 km, 
with lower associated uncertainty (less than 2 km). 
In contrast, below 14 km depth, no clear trend of 
increasing or decreasing stress drop is observed.

In the present study, we aimed to establish a scaling 
relationship between the seismic moment and the 
corner frequency for the study region. Aki (1967) 
proposed that earthquakes are geometrically similar 
regardless of their size and that the interdependence 
of source parameters can be described by a scaling 
relationship. According to Aki (1967), the seismic 
moment varies with the cube root of the corner 
frequency. The relationship can be expressed as:

This relationship implies that the stress drop is 
constant and does not depend on the magnitude of 
the earthquake. However, Izutani and Kanamori 
(2001) and Kanamori and Rivera (2004) proposed a 
modification to this scaling relationship, which can be 
expressed as

where ε is a constant ≤ 1 that denotes the dependence 
of the stress drop or rupture velocity on the size of the 
seismic event.

Figure  10 illustrates the scaling relationship 
between the corner frequency (fc) and seismic moment 

(8)Mo ∝ f −3
c

(9)M0 ∼ f −3+�
c

(M0) for the study region. The seismic moment 
decreases as the corner frequency increases, which 
is consistent with Aki’s (1967) postulate. The corner 
frequency (fc) is inversely related to the seismic source 
duration and reflects the dynamics of fault rupture 
and typically decreases as the seismic source size 
increases.

Using Eqs. (8) and (9), we derived the following 
relationship for the study region: Log(M0) = 12.07 
f −3.20
c

 , where the estimated value of the scaling 
exponent f −3+�

c
 was ε = 0.20. Several studies have 

investigated the scaling relationship between the 

Fig. 9   Illustration of the 
depth distribution of the 
stress drop values (in bars). 
The red circles indicate 
seismic events

Fig. 10   Corner frequency ( fc ) versus seismic moment (M0) 
graph. The circles indicate seismic events. The red line is the 
best fit
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seismic moment and corner frequency. For example, 
Franceschina et  al. (2006) analysed the source 
parameters of 53 local earthquakes of low to moderate 
magnitude (2.0 < ML < 5.7) in the Friuli–Venezia 
Giulia area (northeastern Italy) and obtained a scaling 
relationship of M0 ∝ fc−3.43. Similarly, Rai et al. (2024) 
used 80 events (1.5 < ML < 3.5) from the Siang region 
of the Arunachal Himalayas and derived a scaling 
relationship of M0 ∝ fc−3.18. Kumar et al. (2013), for 
events with magnitudes ranging from 0.7 ≤ Mw ≤ 3.7, 
obtained a scaling relationship of M0 ∝ fc−3.34. Finally, 
Kanamori and Rivera (2004) reported that small and 
large earthquakes can exhibit significantly different 
stress drops and rupture velocities. These differences 
have critical implications for understanding the 
physics of fault rupture processes.

5 � Conclusions

In the present study, we estimate the various param-
eters that characterize seismic sources that are 
determined through the spectral analysis of P-waves 
obtained from 82 local seismic events (0.6 ≤ ML ≤ 
4.9) that occurred in the Arraiolos area and sur-
rounding areas following the Arraiolos earthquake 
of January 15, 2018. As expected, an increase in 
the source dimension is observed as the seismic 
moment increases. The source radii size (rang-
ing from 31.5 to 775.9 m) suggest an intraplate 
regime. This indication is in line with other stud-
ies of low magnitude earthquakes conducted by 
several authors in other intraplate regions (e.g., 
Jiménez et al. 2015; Radulian et al. 2014; Alloncle 
et  al. 2025). We found a large variation of stress 
drop (ranging from 0.4 to 97.0 bars) for earth-
quakes of different magnitudes in the same tectonic 

environment. We found a large variation of stress 
drop (ranging from 0.4 to 97.0 bars) for earthquakes 
of different magnitudes in the same tectonic envi-
ronment. On the other hand, the results indicate that 
stress drop and seismic moment do not have a linear 
correlation. Two groups of events can be identified: 
a low-stress-drop group for smaller earthquakes 
(log10(M0) ≤ 12.5) in the order of approximately 
4 bar, and the high-stress-drop case for larger earth-
quakes (log10(M0) > 12.5) in the order of approxi-
mately 60 bar. This behaviour may be influenced by 
uncertainties in the estimates of corner frequencies 
for smaller earthquakes. However, the complexity 
of the fault geometry or blockages in the fault seg-
ments, and variation in local geological properties 
may play an important role in the stress drop behav-
iour in our study region. Most of the events studied 
are concentrated mainly at depths of 12 to 13 km, 
which constitutes the main focus of seismic rup-
ture in the study area, recently confirmed by seis-
mic tomography studies in this region, conducted 
by Hamak et  al. (2025). The scaling relationship 
established between the seismic moment (M0) and 
the corner frequency (fc) for the study area is as 
follows: Log(M0) = 12.4 f −3.20

c
 , which aligns with 

observations from other regions with similar char-
acteristics. This scaling law has several implications 
for seismogenic regions. The empirical Mw–ML 
relationships developed for local earthquakes are 
consistent and could be highly useful for investi-
gating the dynamic processes in seismic sources, 
such as stress drops, rupture propagation velocity, 
and fault plane directivity. Mw estimates can also 
enhance seismic catalogues for the study area. The 
estimated source parameters and their scaling rela-
tionships are valuable tools for understanding and 
assessing seismic hazard in a region.



	 J Seismol

Vol:. (1234567890)

Table 1   Details of the 
earthquake parameters 
determined by Wachilala 
et al. (2023) and used in 
this study

Event Nº Date and Time
(yy/mm/dd hh:mm:ss)

Latitude
(º N)

Longitude
(º W)

Depth (km) RMS ML

1 2018/01/15 11:51:40.00 38.783 7.949 11.8 0.3 4.9
2 2018/01/15 18:59:36.00 38.741 7.859 17.5 0.3 1.6
3 2018/01/15 19:47:52.30 38.785 7.965 11.4 0.3 1.7
4 2018/01/16 01:51:58.30 38.785 7.958 10.4 0.2 1.1
5 2018/01/16 02:04:59.20 38.775 7.961 11.5 0.2 2.0
6 2018/01/16 18:28:41.20 38.788 7.979 12.9 0.0 0.6
7 2018/01/17 19:48:40.30 38.786 7.970 12.4 0.1 0.9
8 2018/01/17 22:32:56.20 38.781 7.970 12.1 0.1 1.0
9 2018/01/18 06:55:30.90 38.785 7.966 12.8 0.1 1.1
10 2018/01/19 08:31:38.10 38.784 7.989 13.2 0.1 0.9
11 2018/01/20 22:03:11.60 38.787 7.959 12.5 0.1 0.6
12 2018/01/23 01:56:47.70 38.778 7.973 12.3 0.1 1.5
13 2018/01/24 12:58:51.00 38.781 7.971 12.3 0.1 1.5
14 2018/01/24 21:35:44.80 38.786 7.971 12.0 0.1 0.8
15 2018/01/25 17:25:28.50 38.780 7.975 11.9 0.1 0.7
16 2018/01/26 02:45:55.10 38.777 7.970 12.4 0.1 0.9
17 2018/01/26 03:27:27.70 38.724 7.923 15.3 0.1 1.1
18 2018/01/26 08:58:32.90 38.774 7.970 12.2 0.1 1.0
19 2018/01/26 15:47:57.10 38.723 7.922 15.2 0.1 0.8
20 2018/01/27 01:32:33.10 38.866 7.704 17.7 0.1 0.8
21 2018/01/27 18:15:36.40 38.783 7.965 12.1 0.1 0.7
22 2018/01/28 20:36:40.20 38.783 7.968 12.3 0.1 0.8
23 2018/01/28 23:20:20.30 38.778 7.960 12.0 0.1 0.8
24 2018/01/30 13:41:32.60 38.725 7.923 15.1 0.1 0.7
25 2018/01/30 15:46:46.10 38.783 7.962 11.9 0.1 1.2
26 2018/02/01 04:15:42.10 38.775 7.970 12.4 0.1 3.5
27 2018/02/01 17:36:27.80 38.784 7.969 11.9 0.1 1.0
28 2018/02/02 22:45:20.60 38.775 7.973 12.3 0.1 1.0
29 2018/02/03 04:43:08.20 38.780 7.971 12.6 0.1 1.0
30 2018/02/04 16:47:49.80 38.779 7.973 12.1 0.1 1.3
31 2018/02/07 10:40:31.60 38.785 7.969 12.3 0.1 1.0
32 2018/02/07 17:42:23.70 38.783 7.963 11.8 0.1 0.6
33 2018/02/08 06:34:58.00 38.800 7.942 15.3 0.1 0.6
34 2018/02/09 03:10:24.20 38.773 7.974 12.7 0.1 1.1
35 2018/02/09 03:10:38.10 38.774 7.975 12.7 0.1 1.2
36 2018/02/12 03:35:39.30 38.825 7.989 21.2 0.1 2.3
37 2018/02/14 12:47:37.50 38.779 7.971 12.5 0.1 0.6
38 2018/02/19 05:51:46.50 38.779 7.972 12.5 0.1 0.6
39 2018/02/24 10:52:09.60 38.777 7.973 12.3 0.1 1.7
40 2018/02/25 00:27:45.60 38.787 7.967 12.3 0.1 1.0
41 2018/03/26 10:49:49.60 38.740 7.868 20.2 0.3 1.2
42 2018/03/29 13:29:14.10 38.789 7.977 13.3 0.1 1.9

Appendix Table 1 and 2.
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Table 1   (continued) Event Nº Date and Time
(yy/mm/dd hh:mm:ss)

Latitude
(º N)

Longitude
(º W)

Depth (km) RMS ML

43 2018/03/29 21:46:01.40 38.795 7.987 19.3 0.1 1.4
44 2018/04/04 00:40:45.50 38.828 7.957 20.5 0.1 1.0
45 2018/04/14 21:38:51.10 38.791 7.972 14.1 0.2 1.0
46 2018/04/15 00:33:12.70 38.795 7.970 14.0 0.2 1.1
47 2018/04/16 00:28:13.30 38.789 7.927 12.3 0.1 0.8
48 2018/04/16 20:56:03.60 38.788 7.963 13.0 0.1 0.7
49 2018/04/19 18:37:39.60 38.766 7.988 12.3 0.2 0.8
50 2018/04/27 13:09:20.60 38.781 7.967 12.8 0.0 0.7
51 2018/04/27 15:33:53.40 38.780 7.969 12.5 0.0 1.3
52 2018/04/28 03:39:22.00 38.779 7.966 12.8 0.1 1.9
53 2018/04/28 19:20:11.80 38.723 7.897 17.5 0.1 0.8
54 2018/04/29 21:44:36.60 38.784 7.964 12.7 0.1 0.8
55 2018/05/01 17:30:51.10 38.726 7.918 16.4 0.1 0.7
56 2018/05/04 17:41:42.00 38.723 7.913 15.0 0.1 0.9
57 2018/05/09 04:15:02.80 38.722 7.893 18.2 0.1 0.6
58 2018/05/09 23:27:12.30 38.769 7.784 17.8 0.1 2.8
59 2018/05/10 14:36:13.10 38.723 7.896 14.1 0.3 2.1
60 2018/05/11 14:14:03.80 38.780 7.971 12.8 0.0 1.0
61 2018/05/12 10:43:00.40 38.822 7.991 20.5 0.0 1.0
62 2018/05/13 19:58:59.20 38.784 7.974 12.1 0.0 0.7
63 2018/05/13 20:14:10.60 38.788 7.971 13.1 0.1 1.5
64 2018/05/13 20:16:47.70 38.784 7.974 12.1 0.0 1.2
65 2018/05/14 02:00:23.00 38.784 7.974 12.2 0.0 0.7
66 2018/05/26 02:24:25.40 38.727 7.894 17.6 0.1 1.1
67 2018/05/26 21:04:29.70 38.787 7.974 13.1 0.1 1.2
68 2018/05/29 19:48:56.60 38.723 7.918 15.8 0.1 1.5
69 2018/05/29 21:38:29.70 38.726 7.916 15.3 0.0 1.1
70 2018/05/31 02:41:37.20 38.781 7.992 13.2 0.1 1.6
71 2018/05/31 02:50:15.50 38.785 7.995 13.0 0.0 1.0
72 2018/05/31 07:57:37.40 38.785 7.995 13.1 0.0 1.0
73 2018/06/01 02:40:32.90 38.781 7.991 13.2 0.1 1.4
74 2018/06/01 21:04:33.70 38.781 7.973 13.1 0.1 1.5
75 2018/06/03 01:29:42.60 38.785 7.996 13.1 0.0 0.8
76 2018/06/03 21:00:18.70 38.779 7.972 12.6 0.1 1.8
77 2018/06/03 21:00:50.90 38.780 7.973 12.6 0.1 1.8
78 2018/06/04 06:59:39.10 38.784 7.996 12.9 0.0 0.7
79 2018/06/11 06:11:08.10 38.727 7.917 15.0 0.0 0.9
80 2018/06/11 21:47:11.20 38.722 7.924 15.7 0.1 1.9
81 2018/06/27 03:24:22.50 38.531 8.249 14.4 0.3 2.4
82 2018/06/27 05:17:28.10 38.533 8.258 15.0 0.3 1.3
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