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ABSTRACT
We investigate the dependence of interevent residuals on the choice of source parameters
used in ground-motion prediction models calibrated for peak ground acceleration, peak
ground velocity, and peak ground displacement. Using a dataset of 877,566 recordings from
1586 earthquakes with magnitudes ranging from 1 to 6.5 in central-southern Italy, we per-
form multiple mixed-effects regressions, exploring different approaches for the source scal-
ing component. We compare the interevent standard deviation of models based on various
source parameters, including moment magnitude, local magnitude, radiated energy, source
spectral value at 3 Hz, moment magnitude with stress drop, and moment magnitude with
apparent stress. Our results show that combining moment magnitude with either stress
drop or apparent stress yields the lowest variability across all peak parameters, as expected.
In addition, using local magnitude effectively captures the stress-drop-related component of
variability. For the analyzed magnitude range, the source spectral amplitude at 3 Hz per-
forms similarly to local magnitude in this regard, without saturating for large magnitudes.
These findings suggest that source parameter choices complementary or alternative to
moment magnitude can help reduce interevent variability. However, the suitability of mod-
els based on parameters other than moment magnitude depends on the specific application.

OPEN aACCESS

The moment magnitude M, as defined by Hanks and
Kanamori (1979), is the primary explanatory variable used
in most modern GMPMs to describe source scaling of the
median model. From the Aki (1966) perspective, GMPMs typ-
ically assume self-similar scaling, in which a single-source
parameter, that is, the seismic moment, is sufficient to charac-

KEY POINTS

® Most of the ground-motion models use self-similar
scaling, controlled solely by seismic moment.

e \We assess how different source parameters and magnitude
scales affect interevent variability.

® |ocal and spectral magnitudes (e.g., at 3 Hz) better
capture high-frequency ground-motion variability.

terize the source spectrum. However, when a GMPM is devel-
oped from a dataset containing events with identical seismic
moments but different high-frequency source radiation, sys-
tematic differences in the generated ground shaking are shifted
to the interevent (or between-event) residuals (Atik et al,

INTRODUCTION

Probabilistic seismic hazard assessment (PSHA) estimates the
expected annual rate of exceedance for different thresholds of a
given ground-motion parameter of engineering interest. This is
achieved through the hazard integral, which marginalizes the
probability distribution of ground motion over all possible
earthquake magnitudes and source-to-site distances (McGuire
and Arabasz, 1990). Within the PSHA framework, the ground-
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motion prediction model (GMPM) computes the normal
probability distribution of the expected ground motion for
any considered earthquake scenario. A GMPM consists of
two key components: (1) a model describing how the median
ground motion scales with magnitude and distance for a given
site condition, and (2) a standard deviation quantifying the
apparent aleatory variability around the median prediction.

Volume 115 Number 6 December 2025 www.bssaonline.org

orcid.org/0000-0002-8021-3908 (DS)

*Corresponding author: dino.bindi@gfz.de

Cite this article as Bindi, D., A. Oth, S. Parolai, M. Picozzi, and D. Spallarossa
(2025). Interevent Variability in Ground-Motion Prediction Models: The Role of the

Source Parameter Selection, Bull. Seismol. Soc. Am. 115, 2857-2866, doi: 10.1785/
0120250098

Copyright © 2025. The Authors. This is an open access article distributed under the

terms of the CC-BY license, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Bulletin of the Seismological Society of America e 2857

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/115/6/2857/7332377/bssa-2025098.1.pdf by OGS Inst Naz Oceanografia Geofisica Sperim - Biblioteca user on 04 February 2026


https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0003-4859-6504
https://orcid.org/0000-0002-9084-7488
https://orcid.org/0000-0001-8078-9416
https://orcid.org/0000-0002-8021-3908
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0003-4859-6504
https://orcid.org/0000-0002-9084-7488
https://orcid.org/0000-0001-8078-9416
https://orcid.org/0000-0002-8021-3908
https://orcid.org/0000-0002-8021-3908
https://doi.org/10.1785/0120250098
https://doi.org/10.1785/0120250098

2010). The interevent residuals quantify repeated source effects
affecting the recordings of a given event not modeled by the
median model. A well-documented example in the literature
concerns the dependence of the high-frequency radiation on
stress drop. Because events with the same seismic moment
but different stress drops produce different levels of high-fre-
quency shaking, and because most GMPMs do not explicitly
incorporate stress drop as an explanatory variable, the interevent
residuals at moderate-to-high frequencies exhibit a positive cor-
relation with stress drop (Bindi et al., 2007, 2018; Baltay et al.,
2013; Oth et al, 2017; Bindi and Kotha, 2020; Nie and Wang,
2025). In addition to stress drop, other source parameters,
particularly rupture velocity, also influence high-frequency radi-
ation. The interplay between stress drop and rupture velocity
and their combined impact on key ground-motion parameters
such as peak ground acceleration (PGA) has been explored in
various studies of both laboratory and tectonic events (e.g.,
Causse and Song, 2015; Passelegue et al, 2020). In this study,
we adopt a simplified approach using the stress drop estimated
from the corner frequency of an w? source model as a proxy for
high-frequency radiation. This assumes, on average, a constant
rupture velocity across events. In this study, we investigate how
interevent variability is affected by considering source parame-
ters different from moment magnitude, such as the local mag-
nitude or the radiated energy. We also examine the impact of
incorporating additional source parameters along with the
moment magnitude, namely the stress drop and the apparent
stress (Picozzi et al., 2018b). Finally, following the idea of intro-
ducing magnitude scales based on the high-frequency source
spectral level (Atkinson and Hanks, 1995), we also investigate
the impact on the interevent residuals of considering the source
spectral amplitude at 3 Hz (Street et al, 1975; Parolai et al,
2024). Using a dataset from central Italy, we develop multiple
GMPMs with different source parameter choices and compare
the resulting interevent variability for PGA, peak ground veloc-
ity (PGV), and displacement.

DATA

We consider the data set analyzed by Bindi et al. (2024; Figs. 1,
2). It is composed by 877,566 recordings generated by 28,939
earthquakes recorded at 955 stations. The considered events
have magnitude range from 1 to 6.5, recorded at hypocentral
distances smaller than 120 km, and we selected stations and
events with at least three recordings. The data set was proc-
essed by Bindi et al. (2024) to isolate the source spectra from
propagation and site effects through a generalized inversion
technique. The source spectra were in turn fit to an w? model
(Brune, 1970) to estimate the seismic moment M, and the cor-
ner frequency f.. In this study, we consider the following
source parameters:

« moment magnitude M, computed as M = (log M, — 9.1)/1.5
(Hanks and Kanamori, 1979);
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Figure 1. Earthquake locations in the analyzed dataset for central Italy.
Circles represent earthquake events, with colors indicating hypocentral
depth and radius proportional to magnitude. The inset map shows the
locations of seismic stations. The red lines sketch the main active faults
considered for probabilistic seismic hazard assessment (PSHA) in Europe (see
Data and Resources). The color version of this figure is available only in the
electronic edition.

« stress drop Ao, computed considering a circular rupture of
radius » with uniform stress drop (Eshelby, 1957; Keilis-
Borok, 1959; Brune, 1970):

A w
c
AO':R?, (2)

in which the shear-wave velocity at the hypocentral locations
B is taken from Menichelli et al. (2023);

o radiated energy E, (Venkataraman and Kanamori, 2004),
computed from the integral of the squared velocity source
spectrum corrected for limited bandwidth effects (Ide and
Beroza, 2001);

o apparent stress o, (Wyss, 1970), computed as o, = uE,/M,,
assuming for the shear modulus the average value of
y = 30 GPa;

o the amplitude at 3 Hz of the acceleration source spectra S(f)
as provided by the nonparametric spectral decomposition
performed by Bindi et al. (2024), S3 = log S(f = 3 Hz); and

« the local magnitude M (Richter, 1935), calibrated in this
study for the considered data. The M values are constrained
to be unbiased with respect to M by correcting for the aver-
age difference between M and M evaluated for M between 3
and 5.
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Figure 2. Magnitude versus distance density plot for the analysed data set,
considering the Fourier spectral amplitudes available at 2 Hz. The color
version of this figure is available only in the electronic edition.

Figure 3 shows the scaling of the considered source param-
eters. Both log(Ao) and log(o,) have been centered to their
mean values. The following observations can be drawn from
Figure 3:

1. Figure 3a shows that, on average, M and M exhibit a nearly
one-to-one scaling, with deviations around the median
trend correlated with Ao. The relationship between Ac
and M-M; differences have been observed in multiple stud-
ies (e.g., Bindi, Zaccarelli, and Kotha, 2020, their fig. 15) and
discussed by Deichmann (2017);

2. Figure 3b shows that S3 and M follow a more quadratic
trend, with residuals somewhat related to Ag, aligning with
theoretical expectations from the Brune model (see Fig. 4);

3. Figure 3c shows that the scaling of Ag with M exhibits a
positive trend below a certain magnitude (between 4 and
5), after which it tends to remain constant. For magnitudes
below 4, variability increases, and there are potentially
finite-bandwidth censoring effects below magnitude 2.
This study does not investigate the impact of possible het-
eroskedasticity affecting the source parameter distributions
on ground motion;

4. Figure 3d shows that stress drop and apparent stress are in
strong agreement, suggesting minimal differences in using
one versus the other;
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5. Figure 3e shows that S3 and M align well, with discrepan-
cies mainly for small events, likely due to their corner
frequencies exceeding 3 Hz (Fig. 4); see also Parolai et al.
(2024, their figure 1); and

6. Figure 3f shows that S3 scales with radiated energy, though
scatter increases for smaller events, primarily controlled by
Ao. As shown in Figure 4, when the magnitude is small
enough, 3 Hz falls below the corner frequency, rendering
S; nearly insensitive to Ac¢ variations. Conversely, radiated
energy, being dependent on the entire spectrum, increases
with Ag for a given magnitude.

The difficulty of resolving the corner frequency of small
events in central Italy has been thoroughly investigated by
Bindi, Spallarossa, et al. (2020). The authors demonstrated that
the variance of the source parameters increases below magni-
tudes of 2.5-3 and that the estimates can be biased below mag-
nitude 2. To ensure reliable estimates of source parameters
unaffected by bandwidth limitations, in the following we con-
sider only the 15,871 events with M > 2, that is, log M, > 12.1.

MODEL

We use a mixed-effects regression (Bates et al., 2015) to cal-
ibrate different GMPMs for PGA, PGV, and peak ground dis-
placement (PGD), based on the following functional form:

log(PGx)=C0+FD1+FD2+FM+5BE+5SZS+€, (3)
in which PGx is indicating one of the three considered peak
parameters. The scaling with distance terms Fp, and Fp,

are described by the following equations:

_ {nl log(60/R) + n,1og(10/60) for R < 60 km
D1 =

n, log(10/R) R>60km °’

4
=10 for R <20 km )
D27 n3(R-20) for R > 20 km’

in which a piece-wise linear model is implemented for the geo-
metrical spreading term with hinge distance at 60 km (equa-
tion 4), and an anelastic term is considered for distances above
20 km (equation 5). Because the data set is dominated by mag-
nitudes below 4 with only five events with magnitude above 5.5
(Fig. 2), the distance scaling terms Fp, and Fp, are not
accounting for the saturation at short distances.

Regarding the source scaling term F;, we calibrate multiple
GMPMs by considering alternative choices for the source
parameters that control Fy:

Fy = bl(M - 3)) (6)
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Figure 3. Scaling of different source parameters is considered for developing
the ground-motion prediction models (GMPMs). The red lines in the dif-
ferent panels represent: (a) one-to-one relationship, (b) best-fitting linear
model in a least-squares sense, (c) best piece-wise linear model obtained
with a segmented regression (fixing the breakpoint at M 5), (d) one-to-one
relationship, and (e) best-fitting linear model. The color version of this figure
is available only in the electronic edition.
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in which the overlying bar in equations (8) and (9) indicates
the mean value. In equation (3), the overall residuals are par-
titioned into the interevent (8Be) and interstation (6S2S) resid-
uals, whereas the leftovers are indicated with e. The §Be, §52S,
and e random effects are zero-mean normal distributions with
standard deviations 7, ¢g,g, and ¢, respectively. The target of
this study is to compare the standard deviations of the random
effects and, in particular, 7 for the different choices and com-
binations of the source parameters (equations 6-11).

RESULTS

The regression results, expressed in terms of the standard
deviation of the random effects, are presented in Figure 5.
Different symbols represent: the total standard deviation o
(black circles), between-station standard deviation ¢g,¢ (gray
squares), between-event deviation 7 (red triangles), and left-
overs standard deviation ¢, (white diamonds). Figure 5 con-
firms that ¢g,; contributes the most to the total variability
(Atik et al., 2010) across all three peak ground motion param-
eters. This contribution is the highest for PGA and similar
for PGV and PGD. Regarding ¢,, which accounts for the
not modeled path and source-to-station effects, it remains
almost constant across all peak parameters and models. The
behavior of 7 (between-event variability) depends on the
choice of source-scaling variables and the selected peak
ground-motion parameter:

« for PGA, 7 is the largest when only M is considered. The
lowest values occur when incorporating both M and Ac
or g,, as well as in the model using E,. The models using
M7 and S3 yield intermediate Tbetween those of the models
using only M and those including M and Aoc;

« for PGV, 7 follows a trend similar to PGA, but for PGV, the
models incorporating E,, M} and S3 yield nearly the same 7
as those including M and Ao¢ or o,; and

o for PGD: 7 is lower when using M than when using E,. The
model based on S3 results have lower 7 compared to M;. As
with the other peak parameters, the lowest 7 values are
obtained when M is combined with A¢ or o,,.

Because frequency content shifts toward lower frequencies
moving from acceleration to velocity and displacement, the
observed trends in Figure 5 align with expectations. The
between-event residuals obtained for the models using M,
My, and S3 are shown in Figure 6 versus stress drop. The cor-
relation observed between interevent residuals and Ao when
using M (Pearson correlation coefficient p, ~ 0.75 for all PGx)
decreases significantly when either M or S; source parameters
are considered, particularly for PGV (p, = 0.24 and 0.36 for My,
and S;, respectively) and PGD (p, ~ 0). In addition, Figure 6
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Figure 4. S3 scaling with seismic moment for Brune's model, considering
three different Ao values. Corner frequencies equal to 3 Hz for the

three scalings are indicated by the larger symbols. The color version of this
figure is available only in the electronic edition.

shows that for PGA and PGV, hypocentral depth contributes to
increased variability, with events deeper than 15-20 km showing
a distinctive pattern (not further investigated in this study).

DISCUSSION

Although the complexity of earthquake source processes can-
not be fully captured by a single parameter (Bormann and Di
Giacomo, 2011; Picozzi et al., 2018a), most GMPMs assume
source self-similarity, considering only seismic moment to
control source scaling. Since the early development of GMPMs,
residual analyses have indicated that seismic moment alone is
insufficient and should be complemented, for example, by
stress drop to accurately describe source scaling across a wide
frequency range (Trifunac and Brady, 1976), in particular
when small and moderate events are also considered. However,
the predictive nature of GMPMs has historically prevented
stress drop, or any other parameter that can be a proxy for
high-frequency ground motion, from being included as an
explanatory variable (Campbell, 1985). As a result, only a few
GMPMs have incorporated stress drop as a predictive param-
eter (e.g., Bora et al.,, 2015; Ameri et al., 2017; Sgobba et al.,
2023). Figure 5 demonstrates that incorporating stress drop
alongside seismic moment improves the ability to capture
source effects across a broad frequency range, both at long
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Figure 5. Standard deviations of the models calibrated for peak ground acceleration (PGA), peak ground velocity
(PGV), and peak ground displacement (PGD) considering different source parameters. The interevent standard
deviation 7 is shown as red triangles, the total standard deviation ¢ as black circles, the station-specific ¢g,s in gray.
and ¢, as white diamonds. Considering PGA, the results for M (equation 4) are indicated with PGAM, for M,
(equation 5) with PGAM,, for £, (equation 8) with PGAF,, for 53 (equation 9) with PGAS3, for M and o,
(equation 7) with PGASapp, for M and Ao (equation 6) with PGADrop. Similar names are used for PGV and PGD.

The color version of this figure is available only in the electronic edition.

tude (m,). Notably, the authors
interpreted distance-corrected
Lg spectra in terms of Brune’s
source model and demon-
strated that the
relationship between seismic

empirical

moment and corner frequency
captures the transition between

periods, where scaling is controlled by seismic moment, and at
frequencies above the corner frequency, where source spectra
are sensitive to stress-drop variations. However, stress-drop
estimates are subject to significant uncertainty (Abercrombie,
2021), which can introduce substantial epistemic uncertainty
in GMPMs, potentially offsetting any reduction in aleatory
variability when assessing, for example, seismic hazard both
for urban planning and seismic design. Moreover, the large
uncertainties and model dependencies associated with stress-
drop estimates continue to drive debate over its scaling with
seismic moment and its variability with depth (Abercrombie
et al., 2021). These challenges, along with ongoing discussions
about whether stress-drop values for small events can be used
to constrain those of larger earthquakes (Hardebeck, 2020),
hinder the ability to define region-specific reference stress-
drop values essential for predictive applications.

One possible approach is to develop multilayered GMPMs
that allow switching between a basic, stress-drop-independent
model and a more advanced, stress-drop-dependent layer. This
would be useful for regions where data are available to allow
stress-drop computation with an acceptable level of uncertainty
(Sgobba et al., 2023). Alternatively, incorporating different mag-
nitude scales or source parameters could enhance flexibility
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earthquakes  with  average
stress drops of 0.1-0.6 MPa.
Assuming that a magnitude defined for a given signal period
is proportional to the logarithm of the source spectrum at the
same period, they introduced my 3 and m,;, corresponding to
my evaluated considering the source spectral amplitude at 0.3
(~3 Hz) and 0.1 s (10 Hz), respectively. By anchoring these two
scales to my, they extended the applicability of my, to micro-
earthquakes, accounting for source radiation effects at frequen-
cies exceeding 1 Hz as considered by my,,.

The concept of considering the high-frequency spectral
level was further advanced by Atkinson and Hanks (1995),
who introduced the high-frequency magnitude as a comple-
ment to M to better constrain the impact of source parameters
such as Ao on ground shaking. More recently, Parolai et al.
(2024) revisited this idea by proposing a new magnitude scale
based on an estimate of the source spectral amplitude at 3 Hz,
aiming to better capture high-frequency radiation effects. The
choice of 3 Hz is particularly relevant because it corresponds to
a frequency range of interest for residential buildings. In addi-
tion, sensitivity analyses within the framework of PSHA have
shown that stress-drop sensitivity is the highest around 3 Hz
(Molkenthin et al., 2014; Dif et al., 2020). Figure 5 demon-
strates that, for the considered dataset, the use of S3 reduces
the standard deviation 7 of interevent variability compared
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Stress drop (MPa)

to M for PGA, PGV, and high-pass filtered PGD. Notably, the
performance of $3 is comparable to that of the widely used
local magnitude M;. Because M; depends on both seismic
moment M, and stress drop Ao (Deichmann, 2017), it effec-
tively captures the influence of Ao variability in small-to-mod-
erate events. Previous studies comparing interevent residuals
and their standard deviation 7 for models calibrated on M
and M across different regions (e.g., Central Italy, Tirkiye,
and Ridgecrest) have shown that M; helps reduce 7 at inter-
mediate frequencies, particularly for PGV. However, a known
limitation of My is its saturation for magnitudes above ~6.
This does not affect S;, which is based on the spectral

Volume 115 Number 6 December 2025 www.bssaonline.org

Stress drop (MPa)

Stress drop (MPa)

Figure 6. Interevent residuals versus stress drop, with colors indicating hypo-
central depth. Results for (a—c) PGA, (d—f) PGV, and (g—i) PGD are shown
from top to bottom; results for M, MI, and S3 are shown from left to right.
The color version of this figure is available only in the electronic edition.

amplitude of the source acceleration spectrum (Parolai
et al., 2024). Efforts have been made to develop non-saturating
magnitude scales that align with M} in which it remains valid
but extends to larger events without saturation (e.g., Kanamori
et al., 1993). Nevertheless, the challenge of capturing stress-
drop variability is more critical for small and moderate events
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(Fig. 3c), whereas for larger ones, moment magnitude M
may suffice. It is also worth noting that magnitude scales
can have limitations at the lower end. For example, for events
small enough to shift the corner frequency above 3 Hz
(My ~ 10" N - m, M ~ 2.6), the Brune source spectral ampli-
tude at 3 Hz becomes insensitive to Ao variations (Fig. 4).
Depending on the specific application, limitations at either
the low- or high-magnitude end may influence the choice of
the most appropriate source parameter for analysis.

Finally, Figure 5 suggests that using log E, (or energy mag-
nitude), which accounts for energy across a broad frequency
range, is optimal for PGA and PGV. However, for PGD, its
effectiveness may be limited due to high-pass filtering effects.
Moreover, the computation of radiated energy requires correc-
tions for high-frequency attenuation effects, particularly for
small events, which can introduce significant epistemic uncer-
tainties in GMPMs using E, as explanatory variable.

CONCLUSIONS

Site-specific ground-motion analysis can benefit from a reduc-
tion in interevent variability (7), especially in applications for
which the site-to-site variability is excluded from the aleatory
uncertainty, such as single-station (onsite) earthquake early
warning (Spallarossa et al, 2018), or nonergodic PSHAs
(Anderson and Brune, 1999). In addition, model frameworks
that reduce 7 can support investigations into potential prepar-
atory phases preceding large earthquakes (e.g., Picozzi et al.,
2019; Picozzi et al., 2024), enhancing our ability to detect subtle
changes in source characteristics prior to rupture. Compared
to models based solely on moment magnitude, we quantified
the reduction of 7 achieved by incorporating additional source
parameters, such as the stress drop or the apparent stress, into
GMPMs for PGA, PGV, and PGD.

However, the use of stress drop as a predictive parameter is
limited by substantial uncertainties in its estimation and its low
predictability. To address these challenges, we tested the per-
formance of alternative magnitude scales and source parame-
ters, including the local magnitude (M), the radiated energy
(E,), and the source spectral amplitude at 3 Hz (53). Within the
moment magnitude range from 2 to 6.5 analyzed in this study,
S3 and M; demonstrated comparable effectiveness in reducing
7 for PGA, PGV, and PGD, as they capture variations in source
spectral levels near and above the corner frequency among
earthquakes with the same seismic moment. Potential limita-
tions of M| may arise for larger events in which magnitude
saturation effects could occur. However, for large earthquakes,
the assumption of self-similarity appears to hold, suggesting
that M alone may be sufficient to describe source scaling in
GMPMs. Regarding S3, theoretical expectations based on the
Brune model indicate that for earthquakes below M ~ 2.6, its
sensitivity to stress-drop variability diminishes. More impor-
tantly for hazard-oriented studies, however, a magnitude based
on S3 does not saturate for large events (Parolai et al., 2024).
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In conclusion, alternative or complementary source param-
eters to M can help reduce the interevent variability at high
frequencies. The optimal approach depends on data availability,
parameter reliability, and the specific objectives of the GMPM
application. In the context of probabilistic hazard assessment,
incorporating new variables into GMPMs requires additional
levels of integration or joint probability density functions that
account for parameter correlation when marginalizing the haz-
ard integral. Furthermore, adopting alternative magnitude scales
necessitates access to well-developed catalogs and the ability to
evaluate magnitude recurrence distributions (Parolai et al,
2024). The development of Bayesian approaches for GMPMs
could enhance model flexibility, allowing for the integration
of varying levels of information across different regions and
facilitating model updates as new data become available.

DATA AND RESOURCES

We use data from the following networks: IV (Istituto Nazionale di
Geofisica e Vulcanologia [INGV], 2005), IT (Presidency of Counsil
of Ministers - Civil Protection Department, 1972), MN (MedNet Project
Partner Institutions, 2018), OT (University of Bari “Aldo Moro”, 2013),
GU (University of Genoa, 1967), GE (GEOFON Data Centre, 1993), VD
(CNR IMAA Consiglio Nazionale delle Ricerche [Italy], 2019), XO
(EMERSITO Working Group, 2018), YR (Segou et al, 2016), XJ
(Voisin et al., 2009), 4A (Istituto Nazionale di Geofisica e Vulcanologia
[INGV], 2009), 3A (Istituto Nazionale di Geofisica e Vulcanologia
[INGV], Istituto di Geologia Ambientale e Geoingegneria [CNR-IGAG],
Istituto per la Dinamica dei Processi Ambientali [CNR-IDPA], Istituto
di Metodologie per I'’Analisi Ambientale [CNR-IMAA], and Agenzia
Nazionale per le nuove tecnologie, I'energia e lo sviluppo economico
sostenibile [ENEA], 2018), TV (INGV experiments network, not regis-
tered), IX (Irpinia Seismic Network ISNet, not registered). Analyses have
been performed in R (R Core Team, 2024); Figure 1 has been prepared
with Generic Mapping Tool (GMT; Wessel et al., 2019); fault traces in
Figure 1 are taken from http://www.efehr.org (last accessed July 2025).
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