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ABSTRACT

ABSTRACT

This study investigates the use of the Generalized Inversion Technique (GIT) to de-
compose earthquake waveforms and retrieve seismic source, path, and site properties
through spectral analysis in Northeastern Italy. The GIT is applied in a non-parametric
form, allowing direct use of observational data without predefined particular assump-
tions. The primary objectives are: (i) to obtain reliable source spectra and estimate key
source parameters, and (ii) to develop empirical, region-specific models for their rapid
estimation. After obtaining source spectra by GIT, key source parameters including
Seismic Moment (M,) and Seismic Radiated Energy (Eg) calculated. Specifically for
M, the calculation is being done by fitting an w? Brune source model to the obtained
source spectra. The next step was to develop empirical models for the region by linking
M, to Peak Displacement of S waves (PDgs) and Ep to the Integral of Squared S-wave
velocity (IV2g). The calibration of the models consists of finding some coefficients re-
lated to hypocentral distances and consequently local attenuation characteristics with
the aim to rapid estimates of M and Ei. The study also evaluates several methodologi-
cal aspects of the GIT, including reference station selection, using H/V spectral ratio in
the GIT, station correction and weighting strategies. Overall, the non-parametric GIT
showed efficiency and flexibility, producing results consistent with previous studies

and offering practical, regionally calibrated tools for real-time seismic applications.

xi
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1 INTRODUCTION

Earthquakes are the result of sudden slip along fault planes, which occurs when the accumulated elastic
strain energy, which was built up through long-term tectonic loading, exceeds the friction on the fault
surface [Scholz, 2002, Aki and Richards, 2002]. This sudden release of energy initiates a rupture process
that propagates through the Earth’s crust, generating seismic waves that travel outward from the fault
area. The physical representation of this rupture is referred to as the seismic source, which can be

modeled as a point source or as a finite fault [Scholz, 2002, Lay and Wallace, 1995].

The seismic source radiates energy in the form of body waves (P and S waves) and surface waves, and
its characteristics are quantified through a set of parameters known as source parameters [Lay and
Wallace, 1995]. These include the seismic moment, which reflects the size of an earthquake [Aki and
Richards, 2002]; the radiated energy, which accounts for the portion of energy converted into seismic
waves [Kostrov, 1974]; the corner frequency, which is related to the rupture duration and fault di-
mensions [Stein and Wysession, 2003, Lay and Wallace, 1995]; and the stress drop, which measures
the change in shear stress across the fault during rupture [Kanamori, 1975]. Accurate estimation of
these parameters is essential for understanding the physics of earthquake generation, evaluating rup-
ture dynamics, and improving ground motion prediction models. Moreover, source parameter analysis
contributes to broader geophysical objectives such as seismic hazard assessment and imaging of Earth’s

internal structure [Aki and Richards, 2002].

Quantitative seismology provides the theoretical and observational framework for analyzing earth-
quake processes by interpreting ground motion recordings obtained from seismic instruments [Udias
and Buforn, 2017]. These recordings capture the propagation of seismic waves through the Earth and
are typically expressed as the convolution of three distinct components: the source term, which de-
scribes the initial rupture; the path term, which accounts for wave attenuation and scattering during
propagation; and the site term, which reflects local amplification effects due to near-surface geology
or instrument response [Stein and Wysession, 2003]. Each of these components plays a critical role
in shaping the observed ground motion and must be carefully separated to retrieve reliable physical

insights.
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Among these, the source component is of particular interest in seismological studies, as it contains the
fundamental mechanisms of fault rupture, energy release, and stress redistribution [Lay and Wallace,
1995]. Investigating the source allows researchers to infer fault geometry, rupture velocity, and scaling
relationships between magnitude and stress drop, which are important for both theoretical modeling

and practical applications in seismic hazard mitigation.

Two fundamental earthquake source parameters are Seismic Moment (M) and Seismic Radiated En-
ergy (Er). From these, two widely used magnitude scales, Moment Magnitude (M) and Energy
Magnitude (M), are derived. These parameters are essential not only for characterizing individual

seismic events but also for making regional seismic models and infrastructure reinforcement strategies.

Despite their importance, reliable estimation of M, Eg, and related source parameters remains chal-
lenging, particularly in regions with heterogeneous attenuation such as Northeastern Italy. This study
is motivated by the need to (i) evaluate whether a Generalized Inversion Technique (GIT) can robustly
separate source, path, and site effects in this region, (ii) determine how methodological choices, such as
reference-station selection, H/V constraints, and weighting strategies, affect the stability of the inver-
sion, and (iii) establish empirical relationships that allow rapid estimation of source parameters from
ground-motion observables. These questions guide the structure of the thesis and define its main scien-

tific objectives.

This thesis is organized into six main chapters. Chapter 1 has introduced the key source parameters,
seismic moment and radiated energy, and provided a comprehensive view over previous studies as
well as a general overview of the geological and tectonic framework of Northeastern Italy. Chapter
2 outlines the data which are used in this study and Chapter 3 talks about methodology, including
spectral decomposition using the generalized inversion technique, empirical attenuation modeling, and
evaluation of inversion quality. Chapter 4 presents the results, covering source spectra, site effects,
attenuation characteristics, and energy estimates, along with a discussion of methodological limitations
and uncertainties. Chapter 5 offers a discussion of the findings, including implications for magnitude
scaling and methodological choices. Finally, Chapter 6 provides a general conclusion and a short talk

about future directions.

1.1 Source Parameters

1.1.1 Seismic Moment

Seismic moment is a fundamental source parameter that quantitatively characterizes the size of an

earthquake. It plays a central role in both kinematic and dynamic modeling of fault slip distributions
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and rupture processes. In its simplest physical interpretation, M, represents the moment of force cou-
ples that constitute a dipolar seismic source [Lay and Wallace, 1995, Udias and Buforn, 2017, Madariaga,
2011]. More generally, it is expressed as a second-order symmetric tensor (3x3), containing the distri-
bution of elementary force couples acting within the source volume [Lay and Wallace, 1995, Udias and

Buforn, 2017, Madariaga, 2011].

For planar fault geometries, seismic moment is defined as the product of shear modulus (rock rigidity),

average slip, and rupture area [Aki, 1966, Lay and Wallace, 1995, Stein and Wysession, 2003]:

My (Nm)=pu-A-D (1)

where p(Pa or N/m?) is the shear modulus of the source area, A (m?) is the fault area, and D (m) is
the average slip. This scalar quantity is widely regarded as the most robust and physically meaningful
metric for describing earthquake size, showing more ability than other magnitude scales in capturing

the energy release and fault mechanics.

Seismic moment exhibits a direct relationship with strong ground motion characteristics, particularly
influencing the amplitude of low-frequency spectral components. Its accurate estimation is essential
for seismic hazard assessment, ground motion prediction, and the development of scaling laws in seis-

mology [Abercrombie, 2021, James, 1989, Madariaga, 2011].

The relationship between seismic moment and different magnitude scales is fundamentally related to
the spectral characteristics of radiated seismic waves. These waves are governed by the product of
the scalar seismic moment and the source time function, which shows the temporal evolution of fault

rupture during an earthquake [Stein and Wysession, 2003].

A simplified source model assumes that the time function is the convolution of two rectangular (boxcar)
functions [Lay and Wallace, 1995, Aki and Richards, 2002, Stein and Wysession, 2003]: one representing
the finite fault length and the other representing the finite rise time of slip at any point on the fault. This
convolution captures the combined effects of rupture propagation and slip initiation. In the frequency
domain, the Fourier transform [Fourier, 1822] of the resulting time function is equivalent to the product

of the individual transforms of the boxcar functions.

The Fourier transform of a boxcar of height 1/T and length T is based on the following equation which

produces sinc function (Figure 1) [Aki and Richards, 2002, Shearer, 2009, Stein and Wysession, 2003]:
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T/2 .
Flw) = 1wy, o L (10T/2 _ giaT/2) sin(wT/2) 2)
T Tiw wT/2
Time domain T Frequency domain
Fourier
Transform
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Figure 1: A boxcar pulse in the time domain and its product in the frequency domain which is a sinc
function (the figure is published by Shearer 2009)

The sinc function, defined as "sinc x = (sinx)/x", contains the finite duration of the source pulse in the
frequency domain. As shown in Equation 3, the spectral amplitude of the radiated seismic signal is
modeled as the product of the seismic moment and two sinc terms, which are corresponding to the
rupture time (Tg) and rise time (Tp) of the faulting process. This formulation captures the band-limited
nature of the source spectrum, with high-frequency attenuation is governed by the temporal character-

istics of the rupture [Aki and Richards, 2002, Shearer, 2009, Stein and Wysession, 2003].

sm(wTR/Z)

Alw)l = Mo | 7

(3)

sin(wTD/2)‘
a)TD/Z

Taking the logarithm, the Equation 3 yields a linearized expression (Equation 4) that facilitates inversion

and spectral fitting:

log A(w) = log My + log[sinc(wTr/2)] + log[sinc(wTp/2)] (4)

A practical approximation for the sinc function is often employed to simplify analysis: sinc x as 1 for
x <1, and 1/x for x > 1. This behavior is illustrated in Figure 2 (Top), where the transition from flat
spectral response to high-frequency decay is evident. Such approximations are particularly useful in

estimating corner frequencies and interpreting spectral behavior in observed ground motion data.
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Figure 2: Top: Simplified representation of the sinx/x function, commonly applied in modeling the fi-
nite duration of the seismic source pulse. Bottom: Theoretical earthquake source spectrum, segmented
into three frequency-dependent regions with slopes of 1, w™!, and w2, delineated by angular frequen-
cies associated with rupture and rise times, Tr and Tp. A widely used approximation replaces this
dual-transition model with a single corner frequency, f. (or fy), marking the boundary between the low-
and high-frequency spectral domains. The low-frequency plateau, extending toward zero frequency,
corresponds to My. [Aki, 1967, Brune, 1970, Stein and Wysession, 2003] (the figure is published by
Stein and Wysession 2003)

Under this approximation, as shown in Figure 2 by plotting the log A(w) versus logw, the curve sim-

plifies into three linear segments, each corresponding to a distinct frequency band (Figure 2, Bottom).

Assuming Ty > Tp, the spectral behavior can be described as follows:

log|A(w)| =

log M,

log My —log(Tr/2) - log w,

log My —log(TrTp/4) - 2logw,

a)<2/TR
2/TR<(1)<2/TD

2/TD<CU
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This spectral function as plotted in Figure 2, Bottom, is segmented into three distinct frequency do-
mains, delineated by the frequency points 2/Tg and 2/Tp, which are called corner frequencies. The
spectrum remains flat for frequencies less than the first corner frequency, decays proportional to w™!
between the two corner frequencies, and exhibits a steeper decay following w2 for the high frequencies.
Consequently, the source spectrum is effectively parameterized by three key factors: seismic moment,

rupture time, and rise time [Lay and Wallace, 1995, Aki and Richards, 2002, Stein and Wysession, 2003,

Shearer, 2009].

As previously discussed, M, is particularly sensitive to the low-frequency portion of the source spec-
trum and represents a static, physical property of an earthquake [Choy and Boatwright, 1995, Picozzi
etal., 2017]. Leveraging M, the moment magnitude (Equation 6) computed using a logarithmic scaling

relation [Kanamori, 1977, Hanks and Kanamori, 1979, Bormann, 2012].

MW = %(IOgMo—gl) (6)

where M, is in N.m.

Unlike traditional magnitude scales, My offers a consistent and reliable measure of earthquake size
across a broad range of magnitudes, which is effectively avoiding saturation that limit the accuracy of
scales such as M; [Kanamori, 1977, Hanks and Kanamori, 1979]. This makes My the preferred metric
for quantifying the size of seismic events (energy release) in both regional and global seismological

studies.

1.1.2 Seismic Radiated Energy

Radiated energy represents the portion of an earthquake’s total energy that is emitted as seismic waves
and ultimately propagates through the Earth’s interior and surface [Kostrov, 1974, Dahlen, 1977, Rivera
and Kanamori, 2005]. While seismic moment and static stress drop are fundamental parameters de-
scribing the geometry and amount of fault slip, they do not directly capture the dynamic aspects of
rupture, such as rupture velocity or slip rate [Shearer, 2009]. In contrast, the total radiated energy is
a dynamic measure that reflects the actual energy released as seismic waves during rupture [Shearer,
2009]. It provides insight into the efficiency of energy radiation and the intensity of ground shaking.
Theoretically, it corresponds to the seismic energy that would reach the far field in an idealized, homo-

geneous medium without attenuation [Shearer, 2009]. Therefore, it serves as a fundamental metric for
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evaluating earthquake dynamics and complements static parameters in characterizing the full energy

budget of seismic events.

Radiated energy plays a significant role in earthquake characterization, as it directly quantifies the por-
tion of energy emitted as seismic waves which can be serving as a representative for the destructive
potential of an event. It complements Seismic Moment by offering dynamic insight into rupture behav-
ior, stress release, and the overall energy budget of the earthquake source [Choy and Boatwright, 1995,

Boatwright and Fletcher, 1984].

Unlike Seismic Moment which reflects static fault displacement and is primarily sensitive to low-frequency
spectral content, radiated energy is more responsive to high-frequency source details. This sensitivity
makes it a critical parameter for evaluating rupture velocity, slip heterogeneity, and the efficiency of
energy radiation [Choy and Boatwright, 1995, Picozzi et al., 2017]. Together, these metrics provide a
comprehensive framework for understanding both the mechanical and energetic aspects of earthquake

processes.

By using the Eg, the energy magnitude (Equation 7) calculated [Choy and Boatwright, 1995, Choy et al.,

2001, 2006, Bormann and Giacomo, 2011, Bormann, 2012].

MgzglogER—ZB (7)

where Ep isinJ.

While Mg captures destructive energy, My illustrates tectonic significance. Understanding both is

fundamental for seismic hazard assessment and seismic events characterization [Bormann, 2012].

1.2 Study Background

The estimation of earthquake source parameters has traditionally relied on spectral fitting techniques,
wherein observed Fourier Amplitude Spectra (FAS) of seismic recordings are matched to theoretical
models that describe the frequency-dependent radiation from a fault rupture. One of the most widely
adopted models is the Brune’s model [Brune, 1970], which assumes a flat spectral plateau up to a charac-
teristic corner frequency, beyond which the amplitude decays proportional to w?. This model provides a
simplified yet effective framework for estimating key source parameters such as seismic moment, stress

drop, and rupture duration from spectral shapes.
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To find the source spectrum, there are two most popular methods: one is the use of Empirical Green’s
Function (EGF), and the other method is GIT [Abercrombie et al., 2025]. There are also some other
methods but they are usually overlapping or combining the mentioned methods [Abercrombie et al.,
2025]. However, the EGF method is strongly constrained by the availability of suitable EGF i.e. an
event which must be close in space, large enough for good signal, yet small enough relative to the target
event. Therefore, this is limiting the number of events that can be used in this method [Abercrombie,

2021, Abercrombie et al., 2025].

On the other hand, GIT was introduced as a robust method for decomposing observed spectral ampli-
tudes into their components: source, path, and site [Andrews, 1986, Castro et al., 1990]. GIT operates
within an inversion framework that treats the logarithm of spectral amplitudes as a linear combination
of these three terms, allowing for their simultaneous estimation, sometimes with imposing rigid para-
metric constraints. This approach is particularly advantageous in regional studies where large datasets

cover diverse site conditions and propagation paths.

The distinction between forward and inverse problems is central to this methodology. While forward
modeling involves predicting spectral data from known physical parameters, inverse modeling is trying
to infer those parameters from observed data, which is a process complicated by issues of nonunique-
ness, and parameter trade-offs [Stein and Wysession, 2003]. GIT mitigates these challenges by leverag-
ing statistical regularization such as different constraints, and network-wide averaging, enabling stable
solutions even in the presence of data heterogeneity [Castro et al., 1996, Boatwright et al., 1991, Klin

et al., 2017].

Over the past years, GIT has been successfully applied to lots of regional datasets across various tectonic
regimes, including stable continental plates, active fault zones, and induced seismicity environments.
Its application has yielded consistent estimates of seismic moment, corner frequency, and stress drop,
while also providing insights into regional attenuation properties and site-specific amplification func-
tions. These results have significantly advanced the understanding of earthquake source and site scaling
and have contributed to the refinement of ground motion prediction models used in seismic hazard as-

sessment.

In their study on regional seismicity in Mexico, Castro et al. [1990] conducted a comparative analysis
of parametric and nonparametric spectral inversion techniques to estimate earthquake source parame-
ters and characterize attenuation and site effects. Both inversion approaches yielded broadly consistent
results in terms of seismic moment and corner frequency, confirming the reliability of spectral meth-

ods for source characterization across different modeling frameworks. However, the authors noted that
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nonparametric inversion was particularly advantageous for capturing complex attenuation behavior, es-

pecially in regions with heterogeneous crustal properties and frequency-dependent propagation effects.

They mentioned the statement by Baker [1988] that the nonparametric approach, which avoids impos-
ing rigid functional forms on the attenuation term, allowed for more flexible modeling of the frequency-
dependent quality factor and geometrical spreading. This flexibility is critical in tectonically active
regions like central Mexico, where lateral variations in lithology and crustal structure can significantly
influence wave propagation. By allowing the data to affect the shape of the attenuation curves, nonpara-

metric inversion revealed spectral features that would likely be ignored under parametric constraints.

Importantly, the study also highlighted the influence of site response, even at stations classified as rock
sites. Contrary to the assumption that rock sites provide flat, reference-level amplification, Castro et al.
[1990] observed significant deviations in spectral amplitudes attributable to local site effects. These
amplifications can change the shape of the apparent source spectra and introduce variability in the
inversion results, underscoring the necessity of incorporating site-specific corrections even for hard-

rock stations.

In the context of a seismic microzonation project conducted in central Italy, Parolai et al. [2000] per-
formed a comparative assessment of three widely used techniques for estimating site response: the GIT,
the Reference Site Method (RSM) [Borcherdt, 1970], and the horizontal-to-vertical spectral ratio, also

known as the receiver function approach [Langston, 1977, Lermo and Chavez-Garcia, 1993].

The results demonstrated that both GIT and RSM yielded broadly consistent estimates of site ampli-
fication across the studied stations. These methods effectively captured the frequency-dependent am-
plification characteristics of local soil and rock conditions. In contrast, the HVSR technique tended to
systematically underestimate amplification levels. This underestimation was attributed to the method’s
sensitivity to the selected time window and the presence of transient noise, which can have negative

effects on the spectral ratio and true site effects.

Furthermore, the study explored the performance of various inversion algorithms used within the GIT
framework, including Singular Value Decomposition (SVD) [Press et al., 1994], Simultaneous Iterative
Reconstruction Technique (SIRT) [van der Sluis and van der Vorst, 1987], and Least Squares (LSQ)
[Menke, 1984]. All three algorithms produced comparable results in terms of spectral decomposition
and site term retrieval, suggesting that the choice of inversion solver has limited impact on the final

estimates.

However, the authors emphasized that successful application of GIT requires careful selection of refer-
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ence sites. These reference stations serve as baseline conditions against which relative site effects are
measured. Additionally, prior knowledge of the regional quality factor is essential for accurate separa-

tion of source and path contributions.

In a detailed investigation of weak-motion seismicity across the United Kingdom, Edwards et al. [2008]
applied spectral inversion techniques to a dataset consisting of earthquakes with local magnitudes rang-
ing from 2.0 to 4.7. The study aimed to extract reliable source and site parameters and characterize

regional attenuation properties by analyzing the behavior of S-wave Fourier amplitude spectra.

The inversion framework employed in the study allowed for the estimation of seismic moment, corner
frequency, site response functions and stress drop, while also isolating the effects of attenuation and
geometrical spreading. One of the key outcomes was the derivation of frequency-independent depth-
dependent quality factor models, which describe the attenuation of seismic waves in the crustal volume

beneath the UK.

The study demonstrated that even weak-motion events, when recorded by a sufficiently dense and well-
calibrated seismic network, can yield meaningful insights into all source, site and propagation parame-

ters. Moreover, it is possible to calibrate the attenuation relations.

In an investigation of seismic wave attenuation in Romania, Oth et al. [2008] applied the GIT to a
dataset of S-wave Fourier amplitude spectra recorded across different of stations. The primary objective
was to characterize the frequency-dependent attenuation properties of the crust and upper mantle, with
particular emphasis on deriving reliable quality factor models. The study focused on a region exhibiting
clustered seismicity, which presents unique challenges for spectral decomposition due to overlapping

source effects and limited ray paths coverage.

The inversion framework enabled the simultaneous estimation of source, path, and site contributions,
revealing that attenuation behavior in the Romanian crust is both frequency-dependent and spatially
heterogeneous. The derived Q(f) models exhibited significant lateral variability, reflecting the complex
tectonic and lithological structure of the region. These findings underscore the necessity of region-

specific calibration in spectral inversion studies.

Moreover, the study highlighted the importance of adapting GIT configurations to the characteristics
of the seismic dataset. It also emphasized on the importance of the azimuthal dependence of ground

motion.

In a comprehensive study of the 2009 L’Aquila earthquake sequence in central Italy, Bindi et al. [2009]

conducted a joint spectral analysis of strong-motion acceleration records to estimate key seismological
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parameters, including source characteristics, seismic wave attenuation, and site amplification effects.
The dataset consisted of recordings from the mainshock, an event of moment magnitude 6.3, as well as
12 aftershocks, providing a robust basis for spectral decomposition across a range of magnitudes and

source-receiver geometries.

The analytical framework employed by the authors involved simultaneous inversion of acceleration
spectra to isolate the contributions of source, path, and site effects. The inversion results yielded consis-
tent estimates of seismic moment and stress drop across the event sequence, while also revealing spatial

variability in attenuation and amplification patterns.

A particularly important outcome of the study was the identification of distinct features in the atten-
uation curves at source-receiver distances of approximately 50 km and 150 km. These anomalies were
interpreted as manifestations of crustal-scale structural effects, specifically reflections and refractions
of seismic waves at major velocity discontinuities within the crust and upper mantle. Such features are
indicative of complex wave propagation phenomena, including energy trapping and scattering, which

can significantly influence the amplitude and frequency content of ground motion at regional distances.

In a comprehensive study aimed at characterizing regional attenuation, source spectra and site response
across Japan, Oth et al. [2011] applied the GIT to a large dataset of S-wave Fourier amplitude spectra
recorded by both surface and borehole seismic stations. The study leveraged the advantages of nonpara-
metric inversion, which avoids imposing rigid functional forms on spectral components, thereby allow-
ing for flexible and data-driven decomposition of observed ground motion into source, path, and site
contributions. They proved this approach to be particularly effective in resolving frequency-dependent

attenuation and spatially variable site effects in a tectonically complex region.

One of the key findings of the study was the contrast in site amplification behavior between surface
and borehole sensors. Surface stations exhibited strong amplification effects, often with high variabil-
ity across frequencies and locations, reflecting the influence of near-surface layers and local geological
heterogeneities. In contrast, borehole sensors, which were installed at depth, showed significantly re-
duced variability in site response, offering a more stable and reliable basis for spectral inversion. These
results underscore the critical role of borehole data in minimizing uncertainties associated with site

amplification and improving the accuracy of source and attenuation estimates.

The inversion also revealed that the attenuation characteristics in Japan are highly region-specific and
exhibit strong frequency dependence. The derived quality factor models varied significantly across

different tectonic domains, highlighting the need for localized calibration.

11
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Regarding source characterization, the study found that the inverted source spectra generally con-
formed to the standard w? model, which assumes a flat spectral plateau up to a corner frequency,
followed by a decay. However, notable differences were shown between crustal and subcrustal earth-
quakes. Crustal events were associated with lower corner frequencies and stress drops on the order of
1 MPa. In contrast, subcrustal earthquakes exhibited higher corner frequencies and stress drops on the

order of 10 MPa.

In an investigation of the 2016 Amatrice-Norcia earthquake sequence in central Italy, Picozzi et al.
[2018a] focused on the empirical scaling relationships for seismic moment and radiated energy, two
fundamental parameters that describe the size and dynamic properties of earthquake rupture. The
study aimed to rapidly estimate these quantities for a series of events with My ranging from 2.5 to 6.5,

enabling characterization of source properties during an active seismic crisis.

The authors employed a robust inversion methodology to extract source spectra from strong-motion

recordings, allowing for the calculation of both M, and Ey directly from observed ground motion.

A key outcome of the study was the observed consistency between the derived scaling relationships and
those obtained from previous studies in similar tectonic settings. The comparison confirmed that the
estimated seismic moments and radiated energies aligned well with established trends, confirming the

reliability of the adopted methodology.

In a study of the Irpinia fault system in southern Italy, Picozzi et al. [2019] employed analyses to esti-
mate key earthquake source parameters, specifically seismic moment and radiated energy, with the aim
of tracking the mechanical evolution of the fault network over time. By analyzing a sequence of seis-
mic events, the authors aimed to characterize the temporal and spatial variations in stress release and
rupture process, thereby gaining insight into the ongoing deformation processes within this tectonically

active region.

In a global-scale investigation of tectonic and induced seismicity, Picozzi et al. [2018b] analyzed the
scaling behavior between seismic moment and radiated energy across four distinct datasets: global
earthquakes, regional events in Japan and Central Italy, and induced seismicity at The Geysers geother-
mal field in California. The study aimed to evaluate the performance and physical interpretability of

energy magnitude relative to moment magnitude.

Both Mg and My are derived from physically meaningful quantities and are considered non-saturating
magnitude scales. This distinguishes them from empirical scales such as local magnitude (M) and

body-wave magnitude (m;), which tend to saturate for moderate-to-large events and are less reliable

12
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for characterizing rupture dynamics. The authors proposed that Mg, being directly linked to the high-
frequency content of seismic radiation, may offer a more sensitive and robust metric for developing
ground motion prediction equations, especially in regions where stress drop and rupture velocity vary

significantly.

A key discussing point of the study was the systematic deviation between Mg and My, observed in
individual events. When Mg > My, the event typically exhibits a high stress drop and enhanced high-
frequency radiation, indicative of sudden rupture and stronger ground shaking. Conversely, when Mg <
My, the event is characterized by low stress drop and reduced high-frequency energy, often associated
with slow rupture processes such as tsunami-generating subduction earthquakes. These deviations
reflect the dynamic efficiency of the rupture and provide insight into the energy partitioning during

seismic events.

The study further demonstrated that the scaling relationship between Mg and My is strongly modu-
lated by stress drop. For events with Ao > 1 MPa, the two magnitude scales exhibit near-linear cor-
respondence, with a slope close to unity, suggesting consistent energy-to-moment ratios across these
events. In contrast, for events with Ao < 1 MPa, the scaling diverges, highlighting the limitations of

using My, alone to capture the full spectrum of rupture behavior in low-stress-drop scenarios.

These findings underscore the potential of Mg as a complementary magnitude scale for seismic hazard
modeling, particularly in applications that require accurate representation of high-frequency ground

motion.

In a comprehensive evaluation of multiple scenarios of the GIT, Shible et al. [2022] emphasized that no
single inversion strategy universally applies to all seismic datasets. The selection of an appropriate GIT
configuration, whether parametric, nonparametric, or semi-parametric, must be based on the specific
characteristics of the dataset. This context-dependent nature of inversion modeling reflects the inherent
complexity of decomposing source, path, and site effects from observed spectral amplitudes. However,
they mentioned that in case of no limitation about data availability, nonparametric approaches have

more ability to provide information about sources and attenuation than parametric approaches.

One of the key findings of the study is the relative stability of site response estimates across different
inversion schemes. Regardless of the methodological framework employed, site amplification functions
tend to exhibit consistent spectral shapes and amplitudes, suggesting that site terms are the most robust
and least sensitive to inversion strategy. This consistency is likely due to the averaging effect across
multiple events and the relatively stationary nature of near-surface geological conditions at recording

stations.

13




1 INTRODUCTION

In contrast, the source and attenuation components of the inversion show significantly greater variabil-
ity. Even when unified constraints are imposed, such as fixed geometrical spreading models or shared
reference site conditions, the retrieved source spectra and attenuation functions can diverge depending
on the inversion architecture and regularization choices. This variability underscores the challenges in
accurately resolving source parameters and attenuation properties, particularly in regions with complex

crustal heterogeneity or sparse station coverage.

Despite these differences, the moment magnitude estimates derived from various GIT configurations
remain remarkably stable, with inter-method variability typically within a factor of 0.1. This suggests
that seismic moment, and by extension moment magnitude, is a relatively well-constrained parameter

in spectral inversion, owing to its dependence on low-frequency spectral amplitude.

In an investigation of the 2019 Ridgecrest earthquake sequence in Southern California, Bindi et al.
[2023a] employed a spectral decomposition framework to isolate and analyze the source spectra of seis-
mic events associated with these complex rupture events. The Ridgecrest sequence, which consists of
an My, 6.4 foreshock followed by an My, 7.1 mainshock and numerous aftershocks, provided a rich

dataset for examining rupture dynamics, stress release, and regional attenuation behavior.

The study utilized the GIT to decompose the observed Fourier amplitude spectra into their constituent
components. The analysis introduced different choices, such as window duration and attenuation mod-

eling, leading to estimates of seismic moment and corner frequency under different scenarios.

In further detailed investigation of spectral inversion practices, Bindi et al. [2023b] examined how
methodological choices, particularly the duration of the S-wave time window used for Fourier ampli-
tude spectra computation, affect the estimation of corner frequency and, by extension, stress drop. The
study utilized a dataset spanning a wide magnitude range and demonstrated that the selected time win-
dow applies a systematic influence on the retrieved source parameters, with implications for both small

and moderate-to-large events.

The analysis revealed a magnitude-dependent sensitivity of f, to window length. For smaller earth-
quakes (M < 3), the average ratio of f, values computed using a 20-second window versus a 5-second
window was approximately 1.1, indicating relatively minor differences. However, for larger events
(My > 4.5), this ratio dropped significantly to around 0.66, suggesting that longer windows tend to

yield lower corner frequency estimates.

In addition to windowing effects, the study evaluated the influence of attenuation modeling on source

parameter retrieval. Specifically, the application of the epicentral distance (instead of hypocentral dis-
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tance) was found to increase f, estimates by approximately 10 percent for shallow events (depths < 6

km).

The findings underscore the high sensitivity of spectral inversion results to modeling assumptions, par-
ticularly in relation to attenuation structure and time window selection. These factors can introduce

systematic biases that exceed the statistical uncertainties typically reported in inversion studies.

In a regional-scale investigation of earthquake source properties across central and southern Europe,
Yen et al. [2024] conducted a systematic analysis of seismic events with the primary objective of estimat-
ing moment-based stress drop and evaluating the conformity of observed source spectra to theoretical
models. The study leveraged a dataset of broadband seismic recordings and applied spectral inversion
techniques to retrieve key source parameters, including seismic moment and corner frequency from

S-wave Fourier amplitude spectra.

The analysis revealed that the source spectra followed the classical w?> model. This spectral shape is
consistent with self-similar rupture dynamics and supports the use of simplified scaling relationships

for stress drop estimation.

Robust and stable stress drop estimates were obtained for events with moment magnitudes > 3, where
the spectral signal is sufficiently strong and the inversion results are less sensitive different factors.
For smaller events, the limited bandwidth posed challenges for accurate spectral decomposition, often

resulting in greater uncertainty in the retrieved source parameters.

In a comprehensive spectral inversion study focused on seismicity in New Zealand, Zhu et al. [2024]
performed spectral decomposition of S-wave FAS to investigate the relation between source character-

istics, attenuation behavior, and ground motion variability.

One of the key findings of the study was the observation that deeper earthquakes exhibit more attenua-
tion, particularly at high frequencies. This depth-dependent attenuation may be attributed to increased
energy loss through anelastic mechanisms and scattering as seismic waves traverse longer and in more
heterogeneous paths. Additionally, deeper events show higher source spectral amplitudes at high fre-

quencies, and as a result, higher corner frequency and higher Brune’s stress parameter (Ao).

The study also mentioned the point that (Ao) plays a critical role in explaining between-event vari-
ability in ground motion predictions. However, the study found that Ao is practically independent of

earthquake magnitude.

Recent improvements in computational tools have made the GIT easier to use and more widely available

for both research and practical applications. These advances have many advantages like reproducibility,
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user interface design, and scalability, making it faster and clearer to apply spectral decomposition to

different seismic datasets.

Klin et al. [2017] introduced GITANES, a MATLAB-based graphical user interface (GUI) specifically
designed for site amplification analysis using GIT-derived spectral components. The tool provides an
intuitive environment for users to visualize and interpret site response functions, making it particularly
valuable for microzonation studies and regional ground motion modeling. By changing the complexity
of inversion routines into a user-friendly interface, GITANES made GIT easier for practitioners and

enhances the reproducibility of site effect assessments.

Building on the need for open-source and scalable solutions, Morasca et al. [2025] developed GITpy,
a Python-based software package capable of performing spectral decomposition, including the estima-
tion of source, path, and site terms. GITpy integrates with modern scientific computing systems and
supports batch processing of large datasets, making it well-suited for regional hazard studies, earth-
quake engineering and seismic monitoring. Its modular architecture and transparent code promote
community-driven development and methodological standardization. Moreover, it can provide an en-

vironment for practices in computational seismology.

In parallel, Spallarossa et al. [2021] launched RAMONES, a web-based operational service calibrated
using GIT-derived spectral parameters. RAMONES enables rapid estimation of earthquake source pa-
rameters, specifically seismic moment and radiated energy, for events occurring in central Italy. The
platform connects scientific research with civil protection needs, helping people make quick decisions
during earthquakes and improving public safety by sharing real-time information. Its link to regional
seismic networks and automated data processing shows how GIT-based tools can be useful in everyday

earthquake monitoring.

Collectively, these software innovations show a shift in how GIT is applied and used. They enhance
computational efficiency, improve methodological ability, and facilitate the achievement of spectral in-
version results into both academic research and emergency response frameworks. Since seismology-
related studies need reliable source characterization and site amplification data, the role of accessible,

well-calibrated GIT tools will continue to grow in importance.

In the present work, both theoretical approaches and empirical attenuation models are employed to es-
timate My and Ey as two of the very important source parameters in Northeastern Italy. The theoretical
framework is based on spectral analysis and inversion techniques, while the empirical models are based
on the specific attenuation characteristics of the study area. This dual approach allows for a balance

between computational accuracy and practical efficiency, enabling reliable and scalable calculations
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across a large dataset of seismic events.

To talk about the motivation for this study, apart from stemming from a research purpose, it is definitely
remarkable that earthquake source characterization is not only an academic subject, but also has direct
implications for public safety, engineering design, and regional planning. The main objective is to verify
the robustness of GIT by reapplying the method to the data used in previous studies and testing different
processing manipulations. By working on the accuracy and efficiency of seismic moment and energy
estimation, this study supports the development of more robust ground motion models and contributes

to the long-term goal of seismic risk reduction in Northeastern Italy as a tectonically active region.

Moreover, Northeastern Italy has a complex seismic history and remains vulnerable to moderate-to-
strong earthquakes. Enhancing the regional seismic database with updated source parameters helps
ensure that future hazard assessments are based on the most reliable and representative data. This
work provides the first specific models for the study area through a methodological framework that can

also be adapted to other regions, making it a valuable contribution to the broader field of seismology.

The study area is Northeastern part of Italy, with a particular focus on the regions of Friuli Venezia
Giulia and Veneto. These areas are covered by different seismic monitoring networks. One of the cen-
tral objectives of this research is to contribute to the update and refinement of the databases of these
networks, enhancing the quality and completeness of seismic source information available for future

studies.

Additionally, another objective and innovative contribution, of this study is the development of empir-
ical attenuation models based on the seismotectonic context of Northeastern Italy. These functions are
designed to enable rapid estimation of seismic moment and radiated energy directly from observable

waveform metrics.

The mentioned empirical functions derived herein reflect the attenuation behavior specific to the geo-
logical and tectonic features of Northeastern Italy, incorporating both source-site distance and wave-
form metrics. As such, they represent a regionally optimized toolset for the broader future goals of
seismic hazard assessment, enhancing ground motion prediction capabilities in complex tectonic envi-

ronments, real-time seismic monitoring, early warning systems, and rapid post-event characterization.

Based on prior investigations in Northeastern Italy, Castro et al. [1996] conducted a detailed study
of seismic attenuation and site response in the Friuli region, leveraging strong-motion recordings and
digital seismic network data from the 1976 earthquake sequence. This sequence, which included several

damaging events, provided a valuable dataset for characterizing regional wave propagation and near-
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surface amplification effects in a tectonically active portion of the southern Alpine margin.

The study employed a nonparametric spectral decomposition approach to estimate the S-wave quality
factor across epicentral distances ranging from 10 to 190 km. This method allowed for the empirical
derivation of attenuation functions without imposing predefined parametric forms, thereby capturing
the frequency-dependent behavior of seismic energy loss. Attenuation was analyzed at discrete fre-
quencies spanning the range of 0.4 to 25 Hz, resulting in two frequency-dependent relations of the
form Q(f) = 20.4f for strong motion recordings and Q(f) = 16.1£%°2 for digital seismographic data, in
both of which anelastic attenuation will be more at higher frequencies, a characteristic feature of the

heterogeneous crustal structure in the region.

In addition to attenuation modeling, the study derived site amplification functions from spectral resid-
uals and validated these estimates using Nakamura’s horizontal-to-vertical spectral ratio technique
[Nakamura, 1989]. The comparison revealed a high degree of consistency between the GIT-derived

site terms and the H/V ratios, showing the robustness of the spectral decomposition framework.

In a focused investigation of seismic source characteristics in Northeastern Italy, Franceschina et al.
[2006] analyzed a dataset of local earthquakes with magnitudes ranging from My = 2.0 to M = 5.7,
recorded by the short-period local seismic network of the Istituto Nazionale di Oceanografia e Geofisica
Sperimentale (OGS), [Zivcic et al., 2000]. The study aimed to derive robust estimates of source param-

eters, i.e. seismic moment, radiated energy, and corner frequency.

To ensure the reliability of spectral decomposition, the authors selected only those seismic stations
exhibiting low horizontal-to-vertical spectral ratios (H/V < 2), a criterion showing minimal site ampli-
fication and stable near-surface conditions. This filtering strategy allowed for cleaner isolation of source

and path effects, enhancing the robustness of the retrieved source spectra.

The corrected displacement spectra were found to follow closely Brune’s classical w? source model. The

derived source parameters spanned a wide range:
* M,: from 1.5x 10> Nm to 1.1 x 107 Nm
o Eg: from 2.6 x10°Jt09.9x10!?]
* f.:from 0.5 Hz to 9.9 Hz

In a regional study focused on seismic site response across Northeastern Italy, Klin et al. [2021] con-
ducted a detailed assessment of site amplification effects using spectral inversion techniques. The anal-

ysis aimed to explore the relationship between spectral amplification and time-domain ground motion
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metrics, such as peak ground velocity (PGV) and peak ground acceleration (PGA), which are critical

inputs for engineering design and seismic hazard modeling.

The study revealed that for stations on rock sites, PGV has a negative bias while PGA shows both nega-
tive and positive bias. However, for stations on soil, bot PGA and PGV have dominant positive bias. The
findings of the study also suggests that in spite of GIT, H/V is not always reliable because it can either
overestimate or underestimate the amplification function which is emphasizing on the superiority of

GIT.

In an investigation of seismic ground motion behavior in the Northeastern border region of Italy, adja-
cent to Slovenia and Austria, Cataldi et al. [2022] employed a parametric spectral modeling framework
to analyze the full frequency-dependent characteristics of earthquake ground motion. This approach is
grounded in the parametrization of seismic source properties, attenuation, and site amplification effects,
offering a physically consistent method for reconstructing ground motion spectra across the frequency

range of 0.5 to 25 Hz.

The model assumes a Brune-type source representation, characterized by a single corner frequency.
This relation, which is used for the inversion of source spectra, enables the estimation of seismic mo-
ment, stress drop, and by extension, attenuation parameters from observed ground motion recordings.
Although site effects are not explicitly modeled, they emerge as a by-product of the spectral residuals,

allowing for indirect estimation of amplification behavior.

Applied to a regional dataset from Northeastern Italy, the spectral inversion yielded source and atten-
uation parameters that are consistent with values reported in prior studies across the Southern Alps
tectonic domains. Site amplification estimates were validated, confirming the accurate recovery of

frequency-dependent amplification peaks.

However, the study also talk about key limitations of the modeling approach. The challenge of ground
motion prediction in low-to-moderate seismicity regions like Northeastern Italy is more due to the
scarcity of strong-motion recordings. This data gap make it difficult to directly calibrate the empir-
ical ground motion prediction equations for large magnitude events based on local conditions. As a

result, practitioners often rely on two alternative strategies:

* Calibration based on other regions: Adopting GMPEs developed for other tectonically active
regions (e.g., Scherbaum et al. [2005], Cotton et al. [2006]), with adjustments for local attenuation

and site effects.

* Stochastic simulation: Generating synthetic accelerograms based on weak-motion spectral mod-
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els and statistical scaling laws (e.g., Atkinson and Boore [1995], Boore [2003]), which can be ex-

trapolated to larger magnitudes.

Cataldi et al. [2022]’s work contributes to the refinement of these approaches by offering a regionally
calibrated spectral modeling framework that captures the essential physics of ground motion generation

and propagation.

To talk about the recent studies in the region, Tarchini et al. [2025] provided a comprehensive catalog
of events in Northeastern Italy from 2016 to 2023. Not only they provided My estimates for the region,

they also established an empirical relation between My, and M.

More recently, Moratto et al. [2026] did a comprehensive analysis of earthquake source parameters
including seismic moment, corner frequency, static stress drop, apparent stress, radiated energy, and
seismic efficiency in the Southeastern Alps between the years 2016 and 2023. They performed single

station spectral inversion using SourceSpec software [Satriano, 2024].

They mentioned that radiated energy shows a weak magnitude trend, suggesting that smaller events
may release energy less efficiently. They also claimed that events in Western Prealpine and the Eastern

Dinaric Margin show higher stress drops and Central Alpine Foreland has lower stress drops.

1.2.1 Main Validation Reference

Since in this study, different and diverse methodological approaches were used, there was a strong need
to a reference material in order to check and validate the achieved results through it. Thanks to the
comprehensive study by Cataldi et al. [2025] that contains the computation of all key source parameters

as well as site an attenuation properties, the best validating reference was found to fulfill this desire.

In their study, they have investigated stress drop and seismic efficiency distributions for Southeastern
Alps through non-parametric GIT by using GITpy software [Morasca et al., 2025]. They found that
the source parameters are widely dependent on spatial characteristics, specifically on the mechanical

properties of the faults. As an example of their findings was the increase of the stress drop with depth.

They claimed about using reasonable assumptions during their procedures. For instance, they talked
about taking advantage of multiple reference stations in their work. Although they mentioned that in
inverse problems, it is challenging to retrieve a unique solution, they were able to find consistent results.

According to which, the complexity of the seismicity in the study region was completely confirmed.

Considering energy computation, by using integral of source spectra with an extrapolation to omega-

square model, they have reached the linear regression of the form E = —-8.738 + 1.266(M,) to calculate
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energy directly through using seismic moment.

1.3 General Seismotectonic Setting of the Study Area

Northeastern Italy lies at the meeting point of several major tectonic regions, making it a geologically
complex and seismically active area. It includes the Eastern Southern Alps, shaped by the long-term col-
lision between the Adriatic microplate and the Eurasian plate (Figure 3), as well as the Dinaric orogenic
belt and the Adriatic foreland. These zones have evolved over millions of years through continuous

tectonic interaction and deformation [Anderlini et al., 2020, Guidarelli et al., 2017, Cuffaro et al., 2010].

E-Alps N-Dinarides

Pannonian backarc
00 km extension (Carpathians
subduction-related)

|
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Figure 3: 3D reconstruction at the interference between the Alpine and Dinaric subductions in North-
eastern Italy by Cuffaro et al. [2010]

The study area spans the regions of Friuli-Venezia Giulia, Veneto, and extends into western Slovenia, all
of which exhibit ongoing faulting, significant crustal strain, and history of destructive seismic events
[Cheloni et al., 2014, Rovida et al., 2011, Gasperini et al., 1999, Burrato et al., 2008, Aoudia et al., 2000,
Sirovich and Pettenati, 2004, Hammerl, 1994, Galadini et al., 2005, Fitzko et al., 2005, Camassi et al.,

2011, Rovida et al., 2017].
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The tectonic activity in Northeastern Italy which is primarily driven by the convergence between the
Adriatic and Eurasian plates is expressed through continental collision within the South-Eastern Alps,

which mark the Northeastern edge of the active collisional zone [Briickl et al., 2010].

This area exhibits an important record of seismic activity, shaped by its complex tectonic setting. How-
ever, within the Eastern Southern Alps, the Venetian part generally demonstrates a lower cumulative

seismic moment release compared to the more active Friuli area [Anderlini et al., 2020].

From a historical perspective, several significant seismic events—summarized in Table 1, are particu-
larly worth mentioning for their impact and geotectonic relevance [Cheloni et al., 2014, Rovida et al.,
2011, Gasperini et al., 1999, Burrato et al., 2008, Aoudia et al., 2000, Sirovich and Pettenati, 2004, Ham-
merl, 1994, Galadini et al., 2005, Fitzko et al., 2005, Camassi et al., 2011, Rovida et al., 2017]. These
events provide valuable insights into the recurrence intervals, rupture mechanisms, and spatial distri-

bution of seismic hazards across Northeastern Italy.

Year Location Magnitude
1348 | Carinzia (Austrian border) | My 6.63
1403 Cividale del Friuli My, 5.56
1511 Slovenian Border My 6.32
1690 | Villach (Austrian border) My 6.16
1695 Asolo M, 6.5
1700 Raveo My 5.8
1776 Tramonti My 5.8
1788 Tolmezzo My 5.7
1794 Tramonti My 5.6
1812 Pordenonese My 5.6
1836 Bassano My 5.5
1873 Bellunese M, 6.3
1891 Valle d’Illasi My 5.87
1928 Carnia My 6.0
1936 Bosco del Cansiglio Me 6.1
1976 Friuli My 6.4
1976 Friuli My 5.6
1976 Friuli My 5.9
1976 Friuli M; 6.1
1998 Slovenian Border My 5.6

Table 1: Significant events in the study area.
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This section provides an overview of the two distinct datasets employed in the present study, each serv-
ing a specific role within the modeling framework. The first dataset, referred to as training dataset,
consists of a selected collection of seismic events that are utilized to build, calibrate and optimize the
empirical model. This dataset forms the empirical foundation upon which the model learns the rela-

tionships between input parameters and target variables, enabling the derivation of scaling laws.

The second dataset, called the validation dataset, is created separately and not used during training.
This helps ensure an unbiased evaluation of the model’s performance. It tests how well the model
works on new data by comparing its predictions to actual results. This allows the study to measure how

accurate and reliable the model is, and to spot any weaknesses or biases.

The whole dataset is divided into these two datasets and they are selected to ensure representative
coverage of the regional seismicity, with attention to temporal completeness, magnitude distribution,
and station-event geometry. Therefore, the magnitude, depth and distance ranges for both are consistent

with each other without any significant bias.

2.1 Training Dataset

To initiate the development of a preliminary source parameter model and to assess its accuracy and
performance, a selected dataset consisting of 35 seismic events was employed in this study. These
events correspond to a subset of those previously analyzed by Cataldi et al. [2025] using GIT, thereby

ensuring methodological consistency and enabling performance comparison.

A detailed summary of the event characteristics, including origin time, location, magnitude, and radi-
ated energy, is presented in Table 2. Magnitude and energy estimates are adopted from Cataldi et al.
[2025], while the other information, such as coordinates and time, are sourced from the Italian National

Institute of Oceanography and Applied Geophysics (OGS) [Sarao et al., 2009].
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Date Time Latitude | Longitude | Depth | Magnitude | log Energy | Number
(dd/mm/yyyy) | (HH:MM:SS) (°) (°) (km) (Mw) ) of Stations
25/02/2018 08:16:29 46.37 12.59 9.5 3.6 9.69 103
25/02/2018 08:47:29 46.37 12.59 8.1 2.5 6.75 60
25/02/2018 14:36:25 46.36 12.58 9.4 2.9 7.64 75
25/02/2018 14:40:46 46.38 12.59 8.4 2.5 7.28 73
25/02/2018 15:53:05 46.38 12.59 10.6 3.4 9.56 101
25/02/2018 17:19:58 46.37 12.59 9.1 2.4 6.82 56
25/02/2018 17:40:14 46.37 12.60 9.6 2.9 7.83 80
25/02/2018 20:33:28 46.37 12.60 8.1 2.0 6.24 39
11/08/2018 03:26:59 46.33 13.03 10.7 2.8 8.00 96
11/08/2018 03:30:39 46.33 13.03 11.1 3.7 9.66 110
11/08/2018 03:38:03 46.33 13.03 10.9 2.2 7.02 73
11/08/2018 03:54:57 46.33 13.03 13.0 2.8 7.83 95
11/08/2018 04:52:10 46.33 13.03 11.5 2.4 7.45 83
14/06/2019 13:57:24 46.39 12.99 7.0 3.6 9.58 122
14/06/2019 16:13:10 46.39 12.99 6.7 2.1 6.36 61
15/06/2019 04:12:46 46.40 12.99 4.1 3.3 8.75 113
16/06/2019 13:40:55 46.39 12.99 6.4 2.8 8.15 106
03/07/2019 07:18:50 46.48 13.12 8.0 2.4 6.95 28
07/07/2019 21:09:33 46.40 13.00 6.2 2.8 8.14 51
28/07/2019 15:56:01 46.21 12.74 13.9 2.7 7.72 45
28/07/2019 18:33:26 46.47 13.15 6.8 2.0 5.87 25
28/07/2019 19:19:14 46.16 13.06 10.1 3.3 8.20 58
13/08/2019 19:58:44 46.34 12.76 11.4 2.4 7.40 32
29/08/2019 08:54:25 46.30 13.10 7.0 2.4 6.97 35
22/09/2019 12:58:43 46.44 13.02 10.9 3.6 9.65 62
27/03/2024 21:19:37 46.36 12.81 10.2 4.2 10.81 166
27/03/2024 21:45:45 46.35 12.82 8.7 2.2 7.01 116
28/03/2024 02:36:15 46.36 12.81 9.8 2.6 7.46 134
28/03/2024 20:11:21 46.36 12.82 7.2 1.9 6.34 61
29/03/2024 03:46:38 46.36 12.82 8.3 1.9 6.16 74
31/03/2024 01:56:34 46.36 12.80 7.5 1.8 6.13 56
01/04/2024 15:07:56 46.35 12.81 7.3 1.8 6.17 45
02/04/2024 03:36:09 46.36 12.82 9.6 2.1 6.51 86
05/04/2024 12:28:32 46.35 12.82 9.3 3.0 8.78 162
07/04/2024 03:27:54 46.35 12.80 10.1 2.3 7.01 93

Table 2: List of the events used in this study.

The dataset includes a total of 8325 waveforms of three components (two horizontal and one vertical),
providing a robust basis for spectral analysis and inversion. The waveform data were retrieved from

multiple seismic networks operating in the region, including:
* Friuli Venezia Giulia Accelerometric Network (RF) [University of Trieste, 1993]

* North-East Italy Seismic Network (OX) [Istituto Nazionale di Oceanografia e di Geofisica Speri-
mentale - OGS, 2016

* Italian Strong Motion Network (IT) [Presidency of Council of Ministers - Civil Protection Depart-

ment, 1972]

* Italian National Seismic Network (IV) [Istituto Nazionale di Geofisica e Vulcanologia (INGV),

24




2 DATA

2005]

* North-East Italy Broadband Network (NI) [Istituto Nazionale di Oceanografia e di Geofisica Sper-

imentale and University of Trieste, 2002]

* Mediterranean Very Broadband Seismographic Network (MN) [MedNet Project Partner Institu-

tions, 1990]

* Trentino Seismic Network (ST) [Geological Survey-Provincia Autonoma di Trento, 1981]

* Austrian Seismic Network (OE) [GeoSphere (former ZAMG), 1987]

* Seismic Network of the Republic of Slovenia (SL) [Slovenian Environment Agency, 1990]

* Province Sudtirol Network (SI) [Province Stdtirol, 2006]

* Dynamic Planet (PD) multiparametric Northern Italy seismic network (ZO) [Massa et al., 2021]

Figure 4 maps the study area, emphasizing the locations of earthquakes and stations. Epicenters of the

analyzed events are indicated by stars, and triangles represent the positions of the used stations which

are colored based on their recording network.
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Figure 4: Map of the study area. Black stars show seismic events. Triangles indicate seismic stations
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color coded based on the seismic network. Network names appear in the legend.

Figure 5 offers a detailed overview of the dataset distribution across key seismological parameters.
The central panel features a scatter plot of individual recordings, organized by event magnitude and

hypocentral distance. Data points are color-coded by focal depth, enabling simultaneous evaluation of
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depth-dependent variations in source-receiver geometry. This visualization helps in identifying cluster-

ing patterns and potential depth-related biases.

The top panel displays a histogram of recording counts as a function of hypocentral distance, illustrating
the network’s spatial coverage and number of observations across varying source-receiver pairs, which

is essential for analyzing attenuation and distance-scaling behavior.

The right panel presents a histogram of event counts per magnitude bin, providing insight into the
magnitude distribution of the dataset and supporting an assessment of its completeness across the mag-

nitude range.
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Figure 5: Magnitude-Distance distribution of data recordings, color coded based on hypocentral depth.
The number of events per magnitude and the number of recordings per hypocentral distance are shown
in histograms.

To enhance the stability and reliability of the inversion results, specific selection criteria were applied
to the dataset. Each seismic event was required to be recorded by a minimum of three stations, and
conversely, each station had to record at least three distinct events. Additionally, adequate azimuthal
coverage, no less than 180° for all events, reduces potential bias arising from sparse or uneven station-
event pairings. Similar to these constraints are also considered by other studies [e.g., Yen et al., 2024,

Cataldi et al., 2022].

The general characteristics of the seismic stations utilized in this study are summarized in Figure 6
based on information from the ITACA database [Felicetta et al., 2023]. This figure presents a multi-panel

classification of the stations according to several key criteria, allowing for a comprehensive overview of
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the network configuration and instrumentation. In particular, panel (a) of Figure 6 categorizes the
recordings using two-letter station codes, following the nomenclature defined by the FDSN standards
[FDSN, 2007]. Within this coding scheme, the first letter denotes the sampling rate and response band-
width of the instrument, while the second letter specifies the sensor type. A detailed explanation of
these instrument classifications, including their operational characteristics and deployment contexts, is
provided in Table 3. This classification framework facilitates a clearer understanding of the data qual-
ity and spectral coverage associated with each station, which is essential for evaluating the reliability of

inversion results and source parameter estimates.

Code Meaning Description
HH High Gain, High Sampling Broadband seismometer with high sensitivity
and > 80 Hz sampling rate
SH Short Period, High Gain Short-period sensor, typically
with 1-10 Hz natural frequency
EH | Extremely Short Period, High Gain High-frequency sensor
with > 250 Hz sampling, used for strong motion or local events
HG High Gain, Accelerometer Accelerometer channel with high gain,
often used in strong motion networks
HN High Gain, Accelerometer Similar to HG, but typically digitized
at lower resolution or used in older networks

Table 3: Explanation of different instrument types used in this study.

Panel (b) of Figure 6 presents a classification of the seismic stations based on topographic character-
istics, offering insight into the geomorphological context of each recording site. The categorization
scheme, detailed in Table 4, is derived from established morphological parameters, including the av-
erage ground inclination (i), the type of the relief, and the relative position of the site with respect to
nearby ridges [Di Capua et al., 2010, 2011]. These criteria provide a framework for assessing potential
topographic effects which can affect site-specific variations in seismic wave propagation. By incorporat-
ing such terrain-based characteristics, the study enhances its capacity to interpret spectral variability

and inversion stability in relation to local geological and geomorphological conditions.

Code Description
T1 flat surfaces, isolated slopes or reliefs with i < 15°
T2 Slopes with i > 15°
T3 | Reliefs with ridge top width much smaller than the base, and 15°<i < 30°
T4 Reliefs with ridge top width much smaller than the base, and i > 30°

Table 4: Explanation of different topography types for the stations used in this study.

Panels (c) and (d) of Figure 6 present the classification of seismic stations according to the Eurocode 8

(EC8) [Aucun et al., 2012] framework, which establishes standardized soil categories for seismic design
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applications across Europe. This classification is primarily based on the time-averaged shear wave veloc-

ity in the upper 30 meters of the subsurface (Vs3(), complemented by geological profiling and estimates

of the depth to the bedrock [Comité Européen de Normalisation, 2004, Di Capua et al., 2010]. These

parameters are critical for assessing site response characteristics and are widely used in engineering

seismology and seismic hazard modeling. The specific definitions and thresholds associated with each

EC8 soil classes are summarized in Table 5, providing a consistent basis for evaluating site amplification

effects and integrating station data into the inversion and modeling framework employed in this study.

Subsoil Class Description Vs30 (m/s)
A Rock or other rock-like geological formation, > 800
including at most 5 m of weaker material at the surface
B Deposits of very dense sand, gravel, 360 - 800
or very stiff clay, at least several tens of m in thickness,
characterised by a gradual increase of mechanical properties with depth
C Deep deposits of dense or medium-dense sand, gravel or 180 - 360
stiff clay with thickness from several tens to many hundreds of meters
D Deposits of loose-to-medium cohesionless soil (with or without <180
some soft cohesive layers), or of predominantly soft-to-firm cohesive soil
E A soil profile consisting of a surface alluvium layer with —
Vs values of type C or D and thickness varying between about 5 m and 20 m,
underlain by stiffer material with Vg > 800 m/s

Table 5: Explanation of different EC8 and Vi3, types for the stations used in this study.
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Figure 6: Histograms of a) the distribution of seismic recordings by instrument type, b) distribution
of seismic stations across topographic categories, ¢) number of seismic stations categorized by EC8 soil
class, and d) number of seismic stations grouped by Vg3, ranges.
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2.2 Validation Dataset

To assess the reliability of the coefficients obtained from the model, derived via the GIT applied to the
training dataset, an independent analysis was conducted using an additional set of 56 seismic events
from the same geographical region. These events are also included in the GIT study by Cataldi et al.
[2025]. The dataset consists of accelerometric recordings collected by the strong motion network oper-
ated by the SeisRaM group at the University of Trieste [University of Trieste, 1993, Costa et al., 2014,

2022], with total of 4874 three components waveform records.

A detailed summary of these events is provided in Table 6, where magnitude and radiated energy val-
ues are taken from Cataldi et al. [2025], while the other information are obtained from the National
Accelerometric Network of Italy (RAN) [Presidenza del Consiglio dei Ministri, Dipartimento della Pro-

tezione Civile, 2014].
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Date Time Latitude | Longitude | Depth | Magnitude | log Energy | Number
(dd/mm/yyyy) | (HH:MM:SS) (°) (°) (km) (Mw) ) of Stations
10/08/2016 02:38:05 46.40 12.97 6 2.8 7.90 7
10/08/2016 04:52:47 46.39 12.94 11 3.0 8.54 10
09/02/2017 08:14:08 45.78 11.16 11 3.3 9.43 14
06/09/2017 12:22:29 46.27 11.98 9 3.4 9.35 22
06/09/2017 12:30:32 46.27 11.99 10 3.0 8.17 16
31/10/2017 04:59:03 45.84 10.91 11 2.9 8.44 5
17/01/2018 10:22:20 46.31 13.57 5 3.6 9.47 25
19/01/2018 17:39:43 46.42 13.03 9 3.6 9.58 29
28/03/2018 07:36:52 45.88 11.84 10 2.8 8.90 10
09/05/2018 21:48:01 46.32 13.11 7 3.3 9.14 29
10/11/2018 07:59:36 46.30 13.23 4 2.7 8.19 15
19/11/2018 14:23:45 46.16 13.45 10 2.7 7.65 10
08/01/2019 04:03:11 45.72 13.83 3 2.5 7.16 6
08/08/2019 05:36:35 45.78 11.07 12 3.2 9.28 26
23/10/2019 17:15:20 46.30 13.08 10 2.4 6.79 8
27/10/2019 17:52:55 46.20 12.78 13 3.0 8.46 23
03/01/2020 12:53:40 46.40 12.61 10 2.8 7.87 10
13/07/2020 12:06:53 46.33 12.64 9 3.5 9.04 44
17/07/2020 02:50:57 46.32 13.54 7 4.0 10.54 46
16/01/2021 23:54:55 46.40 12.98 8 3.1 8.64 38
30/01/2021 09:56:28 46.13 12.18 1 2.8 8.01 4
22/02/2021 12:04:06 45.78 10.98 12 3.3 9.34 26
10/08/2021 15:21:30 46.11 13.41 7 2.6 7.52 6
10/08/2021 15:23:01 46.09 13.40 12 2.4 7.03 5
06/09/2021 09:18:02 46.35 13.21 10 3.1 8.84 39
28/09/2021 00:45:55 45.95 12.02 12 3.4 9.27 64
29/09/2021 14:20:38 45.94 12.02 11 3.3 9.21 49
21/10/2021 00:28:54 46.43 13.07 13 3.6 9.42 66
22/10/2021 03:17:17 46.43 13.04 11 2.9 8.21 23
15/11/2021 18:54:11 46.39 13.28 11 2.3 7.30 9
30/11/2021 08:21:35 46.37 13.04 8 2.4 6.91 26
15/02/2022 02:12:49 46.45 13.25 10 3.1 8.72 55
20/02/2022 21:05:02 46.12 13.36 10 2.4 7.25 24
24/02/2022 18:34:53 46.33 12.61 10 2.3 7.23 11
03/05/2022 08:33:59 46.36 12.87 9 2.6 7.75 41
17/06/2022 08:03:28 46.44 13.02 10 2.4 7.41 15
16/07/2022 13:30:40 46.32 12.75 9 3.0 8.12 58
25/08/2022 00:34:36 46.24 12.72 9 3.1 9.10 66
17/09/2022 23:32:17 46.41 12.63 8 2.5 7.28 20
01/11/2022 20:17:22 46.15 13.45 11 2.8 8.31 44
10/11/2022 21:22:12 46.44 11.67 12 2.6 8.15 5
28/11/2022 01:42:17 46.33 12.63 11 2.7 7.96 45
17/12/2022 04:59:18 46.26 12.54 10 2.6 7.85 34
19/12/2022 03:41:53 46.31 12.61 10 2.7 7.94 42
23/12/2022 20:46:12 46.32 12.59 11 2.6 7.76 39
03/02/2023 23:10:48 46.29 12.71 8 2.5 7.86 44
11/03/2023 02:56:31 46.36 12.91 11 3.0 9.03 60
23/06/2023 05:21:47 46.05 12.34 8 2.8 7.45 29
11/09/2023 13:21:26 46.09 13.70 14 3.3 8.85 46
16/10/2023 20:13:03 46.41 13.04 9 2.7 7.85 47
05/11/2023 23:01:00 46.34 13.57 7 2.8 7.24 37
11/11/2023 08:28:29 46.31 13.29 8 2.3 7.53 16
30/12/2023 05:47:10 45.74 11.03 4 2.6 7.99 6
07/01/2024 12:01:33 46.19 12.42 11 2.5 7.70 22
18/07/2024 10:21:39 46.34 13.27 9 2.9 8.41 49
04/09/2024 22:25:09 46.35 12.82 10 2.9 8.40 58
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Table 6: List of events used to check the coefficients achieved by the model.
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Figure 7 presents the geographical distribution of the study area, highlighting the validating seismic
events and recording stations. The epicentral locations of the analyzed earthquakes are marked by red
stars, while the blue triangles denote the positions of the used stations. All stations included in this

dataset are equipped with accelerometers.
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Figure 7: Events used to check the coefficients achieved by the model. Red stars showing seismic events.
Blue triangles indicating seismic stations.

Figure 8 provides a comprehensive visualization of the dataset distribution regarding different key seis-
mological parameters. The central panel displays a scatter plot of individual recordings, organized by
event magnitude and hypocentral distance. Each data point is color-coded according to the focal depth
of the corresponding earthquake, allowing for the assessment of depth-dependent variability in source-
receiver pairs. This panel helps the identification of potential biases in the dataset related to depth and

distance.

The top panel presents a histogram illustrating the number of available recordings as a function of
hypocentral distance. This distribution highlights the spatial coverage of the network and the number
of observations for different source-receiver pairs, which is critical for evaluating distance-dependent

scaling.

The right panel shows a histogram of event counts per magnitude bin, which is showing the magni-
tude distribution of the analyzed events. This helps assess the completeness of the dataset across the

magnitude range.
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Figure 8: Magnitude-Distance distribution of data recordings to check the coefficients of the model,
color coded based on hypocentral depth. The number of events per magnitude and the number of
recordings per hypocentral distance are shown in histograms.
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This chapter talks about the methodological framework used to address the research objectives and en-
sure the reliability of the results. It describes the analytical procedures and computational tools used
throughout the study. Each step, from data selection and preprocessing to model calibration and vali-
dation, is attempted to be completely documented to support transparency and facilitate comparative

evaluation.

3.1 Data Processing and Analysis

In this part, the framework used for seismic data processing and parameter extraction is explained. The
initial phase involved the acquisition of waveform data in both MSEED [FDSN Working Group II on
Data Exchange, 2000] and SAC [Goldstein et al., 2003] formats, ensuring compatibility with standard

seismological analysis tools and preserving metadata integrity.

Following data retrieval, instrumental response functions were removed from the raw data to obtain
physical ground motion quantities, either acceleration or velocity, depending on the sensor type. This
correction step is critical for ensuring that subsequent spectral analyses will provide true ground motion

characteristics.

Subsequently, a dynamic band-pass filter was applied to the corrected waveforms to isolate the fre-
quency range of interest and remove the noise from the usable bandwidth. The corner frequencies of
this filter were determined using the method proposed by Gallo et al. [2014], which accounts for spectral
content and optimizes the filter parameters accordingly. An example of the corner frequency selection
process is presented in Figure 9, highlighting the criteria used to define the passband and demonstrating

the effectiveness of the filtering strategy in enhancing signal quality for spectral inversion.
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Figure 9: Example of finding corner frequencies of the filter using the method proposed by Gallo et al.
[2014]. (Top: the red line is P-wave onset and the black line is S-wave onset. Bottom: fmin and fmax are
indicating high-pass and low-pass corner frequencies respectively.)

Subsequent to instrumental correction and filtering, the waveform data were subjected to double in-
tegration, first to obtain velocity time series, and then to derive displacement records. This step is
essential for analyses requiring displacement spectral parameters, such as seismic moment estimation

and corner frequency.

Following integration, the S-wave window was selected to isolate the portion of the waveform contain-
ing the highest energy content, which is critical for accurate spectral decomposition and source param-
eter retrieval. As emphasized by Cruz Hernandez and Castro [2025], approximately 91% of the total
radiated energy is attributed to S-wave arrivals, underscoring their fundamental role in seismic energy
release. This observation is strongly supported by earlier foundational studies. Haskell [1964] and Izu-
tani and Kanamori [2001] demonstrated that most of radiated seismic energy originates from S-wave
components, particularly under far-field conditions where shear-wave radiation dominates the energy
budget. Moreover, Spallarossa et al. [2021], Picozzi et al. [2018a] and many other studies performed
their analyses on S-waves as well. Accordingly, precise selection of the S-wave window is essential for
reliable energy computation, as it directly influences the spectral content and amplitude estimates used

in the inversion procedures.

Consequently, the window is initiated 0.1 seconds prior to the S-wave arrival time to ensure full cap-

ture of the shear-wave onset. The end of the window is determined dynamically based on thresholds
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of accumulated energy, which are scaled according to the source-to-site distance (R), following the em-
pirical criteria proposed by Picozzi et al. [2019] and Spallarossa et al. [2021]. This distance-dependent
approach ensures that the selected window will cover the complete S-wave packet while minimizing
contamination from coda and scattered phases, thereby enhancing the reliability of spectral fitting and

inversion results.
* 90% of the total energy when (R < 25 km)
* 80% for (25km < R < 50 km)
* 70% when (R > 50 km)

For both seismic moment and radiated energy estimations, the waveform analysis was conducted within
a constrained time window. Under this constrain, in any case, the minimum length of the window
should not be less than 4 seconds and not more than 30 seconds. This temporal range was selected to
ensure consistent treatment across all events and capturing the dominant energy-carrying portion of

the signal.

To quantify the spectral characteristics of each event—station pair, the Fourier amplitude spectrum
(FAS;j(f)) was computed at each frequency (f) for the ith event recorded at station j. In order to
obtain a single representative spectrum per station per event, the vectorial sum of the two horizontal

components was calculated following the approach of Bindi et al. [2009, 2018], Drouet et al. [2008]:

FAS = VEW2 + NS? (8)

This formulation preserves the amplitude of the horizontal components and for doing this calculation,
the components were not rotated. An illustrative example of the resulting spectra is presented in Figure

10, showing the frequency-dependent behavior.
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Figure 10: Example of Fourier Amplitude Spectrum (filtered between 0..47 Hz and 24.53 Hz).

The GIT was applied across a frequency range spanning from 0.5 Hz to 20 Hz. This interval was selected
to ensure adequate spectral resolution while maintaining compatibility with the signal characteristics
and time window constraints of the dataset. A key requirement for performing GIT at each frequency is
the availability of a minimum of three valid samples, which ensures statistical robustness and prevents

instability in the inversion process.

The lower bound of 0.5 Hz was chosen based on the minimum time window length, which allows for
the inclusion of at least two complete cycles of the signal. Given that one cycle at 0.25 Hz corresponds
to 4 seconds (the minimum window duration), frequencies below 0.5 Hz would not satisfy the cycle

completeness criterion and were therefore excluded from the analysis.

To extract the source spectrum, all computations were performed independently for each frequency
point. This frequency-by-frequency approach allows for precise characterization of spectral features
and avoids particular assumptions about the functional form of the source spectrum. Importantly, each
frequency point used in the inversion must lie within both the predefined GIT frequency range and the
usable spectral bandwidth determined by the corner frequencies of the applied band-pass filter. These
frequencies, which vary depending on event-specific characteristics, are illustrated in Figure 11 and

serve as a constraint to ensure that only reliable spectral content is included in the inversion.
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Figure 11: Example of selected frequency points of a spectrum to perform GIT. fmin and fmax are
indicating high-pass and low-pass corner frequencies respectively.

3.2 The Generalized Inverse of a Matrix

When dealing with square matrices, computing the inverse is a direct procedure. However, in the case
of non-square matrices, a generalized inverse must be employed to obtain meaningful solutions. The

Generalized Inverse Technique is commonly utilized to solve linearized systems of the form:

Gm=d (9)

In this formulation, m = (m;,m,,...,my)T denotes an M-component column vector consisting of the

unknown model parameters, while d = (dy,d,,...,dy)T

is an N-component column vector of known
parameters obtained from measured data. The system matrix G = (G;;) serves as the forward operator,

containing the relationship between the model space and the data space.

Classical linear algebra dictates that a strict inverse G™! only exists under specific conditions, typi-
cally when the matrix is square and non-singular. In general, an exact solution to Equation 9 may be
unattainable, instead, an approximate solution can be derived using the generalized inverse G' [Pen-

rose, 1955, Menke, 1984], which is optimized according to certain criteria. Specifically, when N > M
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(an overdetermined system) and G has full column rank, the generalized inverse is uniquely defined as:

Gt=(GTG)'GT (10)

This formulation yields the least-squares estimate of the model parameters, providing a robust solution

that minimizes the discrepancy between predicted and observed data.

This study addresses a linearized inverse problem formulated in the least-squares framework. The
model is trying to resolve a set of unknown parameters (that include the earthquake source spectra,
propagation path effects, and site spectral responses). The methodological foundation was originally
proposed by Andrews [1986] for the characterization of earthquake source spectra, subsequently refined
by Castro et al. [1990], and from that time on has been widely adopted and adapted by numerous
researchers [e.g., Parolai et al., 2000, Oth et al., 2008]. This approach enables the decomposition of
source, path, and site contributions of the observed ground motion, thereby facilitating a more accurate

interpretation of seismic waveforms and regional attenuation characteristics.

3.3 Linearizing the Problem and Spectral Decomposition using GIT

The GIT approach is based on the assumption that the logarithm of the amplitude spectrum of the seis-
mogram Uj;(f) recorded at the jth site for the ith event can be expressed as the sum of three contributing

terms [Andrews, 1986, Castro et al., 1990, Klin et al., 2017, Oth et al., 2008, Zollo et al., 2014]:

log U;j(f) =1og Si(f) +log Z;(f) +1og A(rij, f) (11)

where f represents frequency, S;(f) is the source term for the ith event, Z;(f) corresponds to the seismic
response at the jth site, and A(r;j, f) accounts for attenuation or propagation effects, describing the
impact on seismic waves as they travel a distance r;; through the Earth’s crust from the event source to

the site location.

To resolve the earthquake source characteristics, site spectral response, and propagation effects, a least-
squares inversion framework is employed. This can be implemented using two principal methodologies

[Shible et al., 2022]:

* Parametric Approach: Assumes that seismic properties, specially attenuation along the propagation

path conform to predefined functional forms. The inversion is executed in a single step to simul-

38




3 METHODOLOGY

taneously estimate the source and site spectra, along with a parameterized attenuation model.
This approach explicitly solves for model parameters embedded within the assumed functional

relationships [Shible et al., 2022, Oth et al., 2008, Bindi and Kotha, 2020, Cataldi et al., 2022].

* Non-parametric Approach: Avoids imposing any predefined functional form on the source, site or
path terms. Only the attenuation component is constrained to follow a smoothly decaying trend
with respect to hypocentral distance. This method offers greater flexibility in capturing complex

spectral variations without model bias [Shible et al., 2022, Oth et al., 2008, Bindi and Kotha, 2020].

The logarithmic formulation of the parametric model used for inversion at a given frequency index k is

given by the following equation [Cataldi et al., 2022]:

G)/\(pFé
log Ujji(rij, fx) = log(27 fy) +10g(4n—3) +log My;

Vs Ko
—log(1+<}{—’i>2>+logG<ri,-,fk> (12)

C1

i »

Vs QO

SO
+tlogA; —mfrxoj + €77 +e

This functional representation is derived from a standard spectral decomposition model, improved by
uncertainty collector terms £5© and e”, which account for residual variability associated with the source
and propagation components, respectively. The source term is modeled using a simplified far-field
Brune spectrum [Brune, 1970], wherein the corner frequency serves as a key parameter controlling the

spectral shape. The primary parameters influencing the source spectrum include:
* Seismic moment, My (Nm)
* Average radiation pattern, ®,,,
* Free surface amplification factor, F
* Partition factor for shear-wave energy into two horizontal components, &
* Reference distance for normalization, R (m)
* Average density near the source, p (kg/m?)
* Shear wave velocity near the source, v, (m/s)

According to Cataldi et al. [2022], the model parameter vector is structured as follows:
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[logMol""'logMONi]’[ﬂl""'fCNi:l’QO’
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[logAl,...,logANj],[Kl,...,KN].],[gfo’...,els\]io],gP

It consists of N; elements representing source spectra, corner frequency, and source uncertainty vec-
tors, along with one term each for the attenuation factor and propagation uncertainty. Additionally, it
includes N; elements corresponding to frequency-independent site amplification and site-related atten-

uation vectors.

On the other hand, the non-parametric approach directly derived from data without assuming func-
tional forms [Oth et al., 2008, Bindi and Kotha, 2020]. According to Oth et al. [2008], using the para-
metric approach often leads to the issue of obtaining negative values for Q which can stem from as-
sumptions made about geometrical spreading, as noted by Castro et al. [1990], or from the fact that
very simple parametrizations cannot explain attenuation in a certain region. As a result, the nonpara-
metric approach was chosen to use in this study. This approach can be applied in two ways [Shible et al.,

2022]:
* One-Step non-parametric GIT
* Two-Step non-parametric GIT

The one-step GIT method (to obtain source and site) can be executed in two variations [Shible et al.,

2022]:
» Using a predefined propagation term
» Without a predefined propagation term

Although a predefined propagation term is used as input, the inversion remains non-parametric because
no functional forms are imposed on the source or site terms. In this case, the known propagation
term allows the separation of source and site contributions, enabling their direct estimation from the

observed spectra using Equation 11, which can be rewritten as:

log Uj;(f) = A(rij, f) = log Si(f) +1og Zi(f) (14)

To describe the propagation term, which represents the attenuation of seismic waves as they travel from
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the source to the site, the following equation is used [Klin et al., 2017]:

nfrij

A(rij, f) = =y log(rij) - .0.7)

(15)

where f is the frequency, y is the geometrical spreading factor (ranges between 1 for spherical waves
and 0.5 for cylindrical ones), v, is the S-wave average velocity, Q; is the quality factor for which the
equation which was proposed by [Console and Rovelli, 1981] and used by many other studies like Gallo
et al. [2014] was chosen to use as Q(f) = 80f!!, and r is hypocentral distance between the event i and

station j.

Finally, determining source properties and site effects requires solving the following equation of the

form Gm = d for each frequency [Klin et al., 2017]:

logUy —A(ri1)| [1 00 . ... 1.0 0 . ..|llogZ
log Uo — A(r12) o1 0 . .. 100
log Z:
= &% (16)
log U21 —A(T’zl) 1 0 0 . 0 1 0 . logSl
log U;j — A(rij) logS;

stations sources

Considering Equation 16, all U;; values correspond to the Fourier amplitude spectra of each event
recorded at each station. The left side of the system matrix reflects elements linked to site parame-
ters, whereas the right side corresponds to components tied to source terms. Each row represents a
spectrum. On the left-hand side of the matrix, the column related to the station receives a value of 1,
while on the right-hand side, the column corresponding to the event associated with the spectrum is

assigned a value of 1.

On the other hand, when a predefined propagation term is not used, Equation 11 can be solved in a
single step. In this case, the attenuation, site, and source terms are determined independently for each

frequency [Oth et al., 2011]:
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0 wq 0 0 ) e e e e | log Z;
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0 0 —wy/2  wy, —wy/2
attenuation parameters stations sources log S;
(17)

Factors linked to attenuation parameters are embedded in the left segment of the system matrix, while
the middle segment belongs to site terms and the right segment belongs to source-related components.
The weighting factor w; ensures that A(rg, f) = 1 at the reference distance, whereas w, governs the
smoothness of the solution [Castro et al., 1990]. Each row, apart from those incorporating weighting
factors, is for each of the spectra. The column related to the distance bin between event and station on
the left side of the system matrix is receiving a value of 1 and the column representing the station is
set to 1 on the middle segment of the matrix, while the column linked to the spectrum-related event is

marked with a value of 1 on the right side.

In the two-step GIT method, the spectral amplitudes U(r, f) at frequency f are initially expressed as a

function of distance, following the formulation [Castro et al., 1990, 1996, Oth et al., 2008]:

Uij(rij, f) = A(rij, £)Si(f) (18)

where $;(f) serves as a scaling factor that depends on the size of the ith event. Next, residuals are

obtained as the product of the source spectra and the site response:

_ Uijlrij )
Rij(f)—m—si(f)zj(f) (19)
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To facilitate linearization, the logarithm is taken for Equations 18 and 19:

log Uij(rj, f) = log A(rij, f) + log S;(f) (20)

Equation 20 then transforms into a linear system of the form Gm = d, where d represents the data vector
containing the logarithmic spectral amplitudes, m is the model parameter vector, and G is the system
matrix. The dataset is divided into N bins based on hypocentral distance. In this study, the dataset is
divided into 50 bins that are equally spaced on a logarithmic scale with respect to hypocentral distance.
This binning strategy reflects the physical nature of seismic wave attenuation, which typically follows a
logarithmic decay pattern due to geometrical spreading and anelastic attenuation. Logarithmic spacing
allows finer resolution at shorter distances—where spectral amplitudes vary more rapidly, and coarser
resolution at greater distances, where changes are smoother. This approach ensures a balanced repre-
sentation of near and far-field data, improves the conditioning of the system matrix, and enhances the
stability and interpretability of the inversion. The choice of 50 bins offers a practical relation between
resolution and statistical robustness, ensuring that each bin contains a sufficient number of observations

for reliable parameter estimation. In matrix notation, Equation 20 is formulated as:

1 0 0 1 0 O
log Uy4 0 1 0 . .. 1.0 0
log A4
logAn,,
log S;
0 wq 0 0
—wy/2 wp —w,/2 )
10 SN
0 0 —U}2/2 wy —w2/2 &N
attenuation parameters sources
(21)

The left portion of the system matrix incorporates factors associated with attenuation parameters, while

43




3 METHODOLOGY

the right-hand side represents those related to source terms. The weighting factor w; ensures that
A(rg, f) =1 at the reference distance, whereas w, governs the smoothness of the solution [Castro et al.,
1990]. Each row, apart from those incorporating weighting factors, represents a spectrum and a value
of 1 is assigned to the distance bin column on the matrix’s left side, the column on the right that corre-

sponds to the spectrum’s associated event also receives a value of 1.

This procedure must be executed twice: first, to determine S based on Equation 18, and then again to

compute S and Z using Equation 19 for each frequency point.

After performing least-squares inversion for each frequency, attenuation factors (A) corresponding to
the number of distance bins, each representing the attenuation characteristics within its respective bin

obtained. Likewise, for each event, the scaling factors (§) achieved.

In the final step, Equation 19 is used to compute the residuals from the first inversion, which are then
utilized in the second inversion. The matrix formulation employed in the second inversion is shown as

Equation 22, where solutions are determined for each frequency:

logRi1| (1 0 0 . ... 1.0 0 . ..|[logz
logRi |01 0 . ... 100
log Z;
= 8% (22)
log Ry, 100 . ... 001 0 . ..|llog$;
log Rij stations sources log Si

The structure and solution of this system is similar to Equation 16. The only difference here is that the

data vector contains the residuals of the first step of the inversion (Equation 21).

The inversion methods introduced are the tools for spectral decomposition of seismic waves leading to
having source, path and site properties separately. Therefore, spectral decomposition is central to isolat-
ing earthquake source radiation from recorded ground motion and it is widely used to estimate source
parameters from large datasets of earthquakes and stations. The inversion methods can rely on Brune
omega-squared source model [Brune, 1970], assumed homogeneous attenuation (Q) and simplified or
empirical site response corrections. However, there are some challenges. For example, Abercrombie

[2021] mentioned the following items:

* Trade-offs between quality factor and corner frequency make it hard to decompose source charac-
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teristics from individual recordings.
* Limited frequency bandwidth restricts reliability, especially for small earthquakes (M < 3).

* Complex rupture behavior (e.g. double corner frequency) can affect the fall-off rate of source

spectra.

* Azimuthal variation and directivity are often ignored, though they affect frequency-dependent

radiation.

However, to ensure stability and consistency in the inversion, an additional constraint is introduced
which is the use of a Reference Station. This station serves as a spectral baseline, allowing relative site

effects to be normalized across the network.

Using the Reference Station modifies Equation 9 into the following form [Klin et al., 2017, Hartzell,

1992]:

In the simplest case, F would be a row vector with a unique nonzero term in the position of the station
chosen as the reference station [Klin et al., 2017, Oth et al., 2009, Abercrombie, 2021]. While the stan-
dard GIT formulation constrains the reference site to have zero amplification (logZ; = 0), this assump-
tion may not hold for stations with measurable site effects. Following the flexible constraint structure of
GIT, the site term can instead be anchored to a known amplification value, such as horizontal-to-vertical

spectral ratio log(H/V'), thereby normalizing the inversion to a physically meaningful baseline.

The horizontal-to-vertical spectral ratio (HVSR) method is a widely used passive seismic technique for
site characterization, particularly effective in estimating subsurface resonance frequencies and shear-

wave velocity profiles.

The HVSR technique was first introduced by Nakamura [1989], who proposed that the ratio of horizon-
tal to vertical components of ambient seismic noise could reveal the fundamental resonance frequency
of soft sediment layers overlying bedrock. This resonance frequency is linked to the thickness and
shear-wave velocity of the sedimentary layer. The method assumes that vertical components are less
affected by site amplification, while horizontal components are more sensitive to impedance contrasts.

As a result, the spectral ratio highlights peaks corresponding to resonance effects. It usually relies
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on ambient seismic noise rather than active sources, making it cost-effective and suitable for urban or
low-seismicity regions. Applications of HVSR include seismic microzonation, site effect studies, and

preliminary geotechnical investigations.

To test and improve the physical realism of the site response estimates, H/V spectral ratios derived
from the recordings of the events were used in the data vector for the reference station. This approach
anchors the inversion to a known frequency-dependent amplification even though it is not the absolute
value of site effect. Conversly, by not considering the H/V value, the site response is assuming to show
a flat (zero) value for all frequencies. While the GIT is traditionally non-parametric, which means
relying solely on empirical decomposition of observed spectra, the inclusion of prior site information
introduces a constraint that guides the solution. This approach does not impose a full physical model
(e.g., layered velocity structure), but rather uses empirical H/V ratios as soft constraints. Therefore,
it retains the flexibility of non-parametric inversion while correcting for potential bias introduced by

assuming a zero site term at the reference station.

To assess the performance of various GIT methodologies and to identify the most suitable reference
station, a preliminary selection of candidate stations was undertaken. This selection was guided by two
basic criteria designed to ensure both spectral fidelity and minimal site-induced bias in the inversion

process:

* Broadband Stations: Only stations equipped with broadband seismometers were considered eli-
gible. These instruments are capable of capturing a wide frequency spectrum, including the low-
frequency components that are critical for accurate seismic moment estimation. Their extended
dynamic range enhances the reliability of spectral measurements across diverse magnitudes and

source characteristics.

* EC8 Class A: Candidate stations were further filtered based on their site classification under the
European seismic code EC8 [Comité Européen de Normalisation, 2004]. Specifically, only those
categorized as Class A, which are representing rock or very stiff soil conditions, were selected. This
classification is associated with minimal site amplification effects, thereby reducing the distortion

of spectral amplitudes and improving the robustness of source parameter retrieval.

Based on these criteria, 16 stations were chosen as the potential candidates for being the reference
station and the calculations were done considering to choose one of these stations accordingly. These
stations are ACOM, BALD, CADS, CLUD, CRNS, DOBS, GAGG, GBAS, GEPF, GORS, JAVS, MOZS, PRED,
VARN, VNDS, VOJS which can affect the inversion process regarding their site characteristics. In order

to test the effect of each station to the final results, for each of which the calculations performed sepa-
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rately and the final results of each one compared to the others.

In addition to the reference station constraint, an optional constraint can be incorporated to further
stabilize the inversion and reduce trade-offs among model parameters. To mitigate the influence of
noisy records and account for missing data, weighting factors can be introduced into the inversion
framework. These weights serve a dual purpose: they downweight unreliable observations and provide
a practical mechanism for handling incomplete datasets. Specifically, assigning a zero weight to site-
event pairs with missing data is computationally more efficient than restructuring the design matrix G

to accommodate uneven data coverage.

Following the approach introduced by Menke [1989] and used by Klin et al. [2017], the estimate of the
model parameters is obtained by pre-multiplying both the data vector d and the system matrix G by a

diagonal weight matrix:

W =(covd)™! (24)

where cov d is the data covariance matrix. By neglecting possible correlations among the data terms,

the following equation could be achieved:

W = diag{w;,w,,...,w,} = diag{al_z,az_z,...,af} (25)

where diag means diagonal matrix and o is the standard deviations of each data term (d). To calculate

o, the ratio of spectral signal (S;;) on the S-wave window to pre-event noise (N;;) of event i recorded at

station j is considered as follows:

in other words
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Sij 1
Uij _(N_ij) (27)

which is defined in terms of the power spectra of the signal and noise components. Hence, the weight

terms would be:

wy, = Ujj (28)

To prevent numerical instability during inversion, an upper bound could be imposed on the weighting
values, typically denoted as w™** with a recommended value such as 100. This limit ensures that no
single data point influences the solution in a not proportional way [Klin et al., 2017]. By using the

wights, the final equation to solve would be:

3.3.1 Calculating Seismic Moment

Once the GIT is applied to isolate the source spectra from path and site effects, the resulted source
spectrum can be analyzed to estimate key earthquake source parameters, namely seismic moment and
corner frequency using the best-fitting omega-squared Brune source model (Equation 30) which was
first introduced by Brune [1970] and then used in many studies [e.g., Aki, 1967, Andrews, 1986, Bindi

et al., 2018, Franceschina et al., 2006, Gallo et al., 2014, Cataldi et al., 2022]. The model is defined as:

My O, F&

Source Spectrum(f) =
p (f) Rodrpo?

" (%)2]1 (30)

The parameter assumptions adopted in this study remain consistent with those previously defined un-

der the parametric GIT framework in which ©,, (average radiation pattern) is 0.55 for S-waves, F (free

surface amplification factor) is 2 for both SH and SV waves and & (partition factor for shear-wave energy
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into two horizontal components) is 1 for vectorial composition of the horizontal components [Cataldi

et al., 2022, 2025].

Once the source spectral values are retrieved for all frequency points using any type of the GIT, the

complete source spectrum becomes available for analysis. To extract key source parameters, the omega-

squared Brune model (Equation 30) is fitted to the spectrum, allowing for the estimation of the corner

frequency and seismic moment. For the velocity and density parameters related to the Equation 30, the

velocity model of Magrin and Rossi [2020a,b] (Table 7) were used.

Number | Depth Vp Vs P Number | Depth Vp Vs P
of Layer | (km) | (km/s) | (km/s) | (kg/m®) || of Layer | (km) | (km/s) | (km/s) | (kg/m3)
1 0.00 5.13 2.81 2.65 31 30.00 6.90 3.90 2.95
2 1.00 5.15 2.83 2.66 32 31.00 6.99 3.92 2.98
3 2.00 5.54 3.07 2.68 33 32.00 7.06 3.94 3.00
4 3.00 5.76 3.20 2.70 34 33.00 7.11 3.96 3.02
5 4.00 5.90 3.28 2.71 35 34.00 7.15 3.97 3.03
6 5.00 5.98 3.34 2.71 36 35.00 7.19 3.98 3.04
7 6.00 6.04 3.38 2.72 37 36.00 7.23 3.99 3.06
8 7.00 6.09 3.41 2.73 38 37.00 7.27 4.00 3.07
9 8.00 6.10 3.42 2.73 39 38.00 7.31 4.01 3.08
10 9.00 6.12 3.44 2.73 40 39.00 7.35 4.02 3.09
11 10.00 6.13 3.45 2.73 41 40.00 7.40 4.04 3.11
12 11.00 6.14 3.48 2.74 42 41.00 7.46 4.05 3.13
13 12.00 6.16 3.51 2.75 43 42.00 7.54 4.07 3.16
14 13.00 6.18 3.54 2.77 44 43.00 7.57 4.08 3.17
15 14.00 6.21 3.56 2.78 45 44.00 7.59 4.09 3.17
16 15.00 | 6.23 3.60 2.78 46 45.00 7.61 4.09 3.18
17 16.00 6.25 3.62 2.79 47 46.00 7.64 4.10 3.19
18 17.00 6.28 3.64 2.79 48 47.00 7.69 4.11 3.21
19 18.00 6.31 3.67 2.80 49 48.00 7.74 4.13 3.22
20 19.00 6.34 3.69 2.81 50 49.00 7.80 4.14 3.24
21 20.00 6.37 3.70 2.81 51 50.00 7.84 4.15 3.25
22 21.00 6.40 3.72 2.82 52 51.00 7.88 4.17 3.26
23 22.00 6.44 3.74 2.82 53 52.00 7.93 4.18 3.28
24 23.00 6.46 3.75 2.83 54 53.00 7.97 4.19 3.29
25 24.00 6.49 3.77 2.83 55 54.00 7.99 4.20 3.30
26 25.00 6.53 3.78 2.84 56 55.00 8.00 4.20 3.30
27 26.00 6.57 3.80 2.85 57 56.00 8.00 4.20 3.30
28 27.00 | 6.62 3.82 2.86 58 57.00 8.00 4.20 3.30
29 28.00 | 6.70 3.84 2.88 59 58.00 8.00 4.20 3.30
30 29.00 | 6.80 3.87 2.91 60 59.00 8.00 4.20 3.30

Table 7: 1D Velocity model for Northeastern Italy by Magrin and Rossi [2020a,b].

This fitting procedure provides a physical characterization of the earthquake source. An illustrative

example of the derived source spectrum, along with its corresponding Brune model fit, is presented in

Figure 12.
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Event Date: 2018-02-25, Event Time: 08:16:29
Mgy =3.64e+14, f =2.61
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Figure 12: An example of a calculated source spectrum and the Brune model fit.

3.3.2 Calculating Seismic Radiated Energy

In this study, two distinct formulations are employed to all three components of each station to estimate
the seismic radiated energy. The components were not rotated. The first approach uses the parameters
derived from the GIT, specifically the M, and f,, based on the model used by Izutani and Kanamori

[2001] and Picozzi et al. [2018b]:

4
5‘01/55

Ex = fo FM(f)Rdf (31)

with the frequency-dependent source model defined as:

(32)

Here, p represents the medium’s density, v, is the shear-wave velocity, and y controls the spectral decay
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at high frequencies, set to a value of 2 for Italian datasets as specified by Picozzi et al. [2018b].

The second method, as proposed by Boatwright and Fletcher [1984] derives radiated energy from the

integration of S-wave velocity or its spectra:

Eg= 47‘(C2r2p,f3,fo i (w)*dw

= 47'(C2r2p,ﬁrf0 i (t)%dt

In this formulation, the velocity corrected for anelastic attenuation effects, ensuring that the observed
signal reflects energy loss along the propagation path. The coefficient C accounts for variations due
to the radiation pattern of the seismic source and local surface amplification effects. The variable r
represents the hypocentral distance between the earthquake source and the recording station, while
pr and B, denote the density and shear wave velocity at the receiver site, respectively. Attenuation is
modeled through an exponential decay term, typically expressed as exp = (;5%), where Q is the quality
factor representing whole-path attenuation [Boatwright and Fletcher, 1984, Boatwright et al., 2002,

Choy and Boatwright, 2012].

According to Parseval’s theorem [des Chénes, 1799], the total energy of a signal remains invariant under
Fourier transformation; that means, the energy computed in the time domain is mathematically equiva-
lent to the energy computed in the frequency domain. This principle provides a theoretical foundation
for estimating radiated seismic energy from the squared amplitude spectrum, as it ensures that energy-
related quantities derived from frequency-domain equivalently reflect the physical energy content of

the original time-domain waveform.

Based on this theorem, the integral of squared velocity, used in Equation 33, can be equivalently per-
formed in either the time domain or the frequency domain [Choy and Boatwright, 2012]. This duality
offers flexibility in computational implementation and allows for cross-validation of energy estimates

derived from different analytical approaches.

3.4 Empirical Attenuation Models

Following the determination of source parameters, the next analytical step involves deriving empirical
coefficients that link observable waveform metrics to fundamental seismic quantities. Specifically, it
becomes feasible to estimate both the seismic energy and seismic moment using two robust metrics

extracted from the S-wave portion of the signal: the Integral of the Squared Velocity of the S-wave
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(IV2g) and the Peak Displacement of S-wave (PDg). These parameters represent essential aspects of the
radiated energy and static deformation, respectively, and offer a practical way for magnitude scaling
without requiring waveform inversion. Figure 13 illustrates the distribution of IV 2, and PD; values as
a function of hypocentral distance colored rgarding their magnitude. They are used as the inputs to

create the empirical attenuation models.

The figure is providing insight into the attenuation behavior of the parameters and potential for regression-
based calibration. The observed behavior of both V2, and PD; exhibits a strong dependence on
hypocentral distance, reflecting systematic attenuation patterns consistent with theoretical expecta-
tions. This spatial variability underscores their suitability as empirical representatives for source energy,
enabling the derivation of regression-based relationships that capture the scaling of seismic energy and
moment with distance. This approach enables the formulation of empirical relationships that are both
computationally efficient and physically meaningful, facilitating rapid estimation of source properties

across diverse seismic datasets.
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Figure 13: a) Distribution of peak displacement of the data over S-wave with hypocentral distance
considering different magnitude ranges. b) Distribution of Integral of Squared Velocity of the data over
S-wave with hypocentral distance considering different magnitude ranges.

In this step, the IV 25 and PDg values for the kth earthquake recorded at the /th station are empiri-
cally related to Eg and M, using the following attenuation models, i.e. Equations 34 and 35 [Picozzi
et al., 2018a]. To calibrate the empirical model that describes how PDg scales with hypocentral distance
and seismic moment, the PDg values from the North-South and East-West horizontal components are
combined using their geometric mean [Spallarossa et al., 2021] to balance the influence of both compo-

nents. In contrast, when modeling the scaling of IV 2g with hypocentral distance and energy release,

53




3 METHODOLOGY

the IV 24 values from all three ground motion components, i.e. North-South, East-West, and vertical,
are summed [Spallarossa et al., 2021]. This additive approach reflects the total energy content across all
directions, making it suitable for characterizing cumulative measures like IV 2g. For all of the calcula-

tions, the used components were not rotated.

IOg[IVZS(RH)]kl =A+ BlOg(ER)k + w]C] + (1 - w])C]+1 (34)

log[PDs(RH)]kl =D+ FlOg(Mo)k + w]G] + (1 —w]-)G]-H (35)

Here, the hypocentral distance (Ry) is divided into Ny;, discrete intervals. In this study, the number of
bins is 50 which are equally space in a logarithmic scale. The index j = 1,...,Ny;, represents a specific
node chosen such that the distance Ry falls within the range r; < Ry <r;,;. The attenuation function is
linearly interpolated between nodes r; and rj,1 using the weight factor w, given by:

w, = i Re (36)

Tj+1=1j

To estimate the coefficients in Equations 34 and 35, which empirically describe the attenuation charac-
teristics of the study region, a dedicated inversion procedure is carried out. This inversion establishes
regression relationships between key ground motion metrics and source parameters. Specifically, it
links the IV 25 and Eg as well as the PDg and M. The matrix formulation of these empirical models is
expressed in Equations 37 and 38, which enable the simultaneous estimation of attenuation coefficients

across the network.

A
log(IV2S)11 1 log(ER)l wq 1 — w1 0 B
10g(IV2S)12 1 IOg(ER)l 0 wy 1 —wy ... C1
= (37)
. . . . CZ
log(IV2)x) 1 log(Er)k
Cj
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D
log(PDs)14 1 log(Mg); wp 1-w; 0 .|| F
log(P D)1, 1 log(Mg); O wy l-w, ...||G
= (38)
: : : : G,
log(PDs)kr ) \1  log(Mpo)k
Gj

The coefficients A, B, and C]- aswell as D, F, and G]- are estimated by solving overdetermined linear sys-
tems in a least-squares sense. The coefficients C; and G; are related to each source-to-receiver distance
bin. By using this method, it is possible to have a simpler, and at the same time reliable, estimate of
earthquake properties which avoids delays and heavy calculations which could be very beneficial and

effective.

In general terms, the schematic representation of the methodological workflow adopted in this study
is illustrated in Figure 14. This diagram summarizes the sequential structure and interdependencies
among the key analytical stages, including data preprocessing, spectral decomposition, inversion pro-
cedure, and source parameter estimation. It serves as a visual summary of the integrated approach

employed to derive physically consistent and regionally calibrated seismic source properties.

To explain the workflow illustrated in Figure 14, the initial phase involves data acquisition and prepro-
cessing for the first dataset, which serves as the training set for model development. Following instru-
mental correction and filtering, source parameters are estimated by solving Equation 11, which can be
approached through one of several formulations, namely, Equations 16, 17, or 21 and 22, depending on

the spectral characteristics and inversion strategy.

Once the source parameter is obtained, the seismic moment is computed using Equation 30. Seismic
energy is then derived using either Equation 31, which requires the moment and corner frequency as
inputs, or Equation 33, which offers an alternative formulation. These calculations provide the foun-
dation for establishing empirical relationships between source parameters and observable waveform

metrics.

Specifically, Equation 35 is used to derive the empirical relation between seismic moment and the peak
displacement of the S-wave, while Equation 34 links radiated energy to the integral of squared S-wave
velocity. These attenuation functions show the scaling behavior of source parameters with respect to

measurable ground motion features and form the predictive core of the model.
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For subsequent datasets, such as the second dataset used in this study for model validation, the estab-

lished empirical relations enable the estimation of seismic moment and energy directly from waveform

observables. By relying solely on peak displacement and integrated squared velocity of the S-wave, the

model facilitates efficient and robust source parameter estimation without requiring full spectral inver-

sion, thereby providing easier analysis for broader applications in seismic hazard assessment and rapid

event characterization.

Waveforms (1% dataset) Waveforms (2" dataset)
| |
Data correction Data correction
Instrumental correction sInstrumental correction
*Detrend *Detrend
*Taper *Taper
*Bandpass filter *Bandpass filter
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|
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Source parameter
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Equation 11
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—|
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Figure 14: Workflow of this study.

To evaluate the performance of the derived coefficients, particularly in comparison to the findings of

Cataldi et al. [2025], two primary metrics were employed in this study:
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* The first is the Root Mean Square Error (RMSE), calculated between the estimated moment and
energy properties such as moment magnitude, which provides a direct measure of the average

deviation between the two scales.

* The second is the Euclidean Distance (ED), a composite metric that captures the overall discrep-
ancy across multiple dimensions of the parameter space [Samantaray et al., 2024]. This metric was
employed to assess the degree of similarity between the source spectra derived in this study and
those reported by Cataldi et al. [2025]. This distance metric (Equation 39) contains three statisti-
cal measures to evaluate the quality of the comparison. The measures are Correlation Coefficient
(CQC), Standard Deviation (o) Ratio and RMSE. In the ideal scenario, the values of CC, o Ratio and

RMSE would be 1, 1 and 0 which makes ED to be 0.

ED = \J(1 - CCP? + (1 - oRatio)? + (0~ RMSE)? (39)

The RMSE is particularly effective for quantifying differences, as it emphasizes larger deviations
through squaring, making it a sensitive indicator for large errors [Chai and Draxler, 2014]. The
correlation coefficient, on the other hand, captures the strength of linear similarity between two
datasets, making it well-suited for evaluating the similarity in spectral shape or trend, rather than
absolute amplitude differences [Bluman, 2017, Zhelezniak et al., 2019]. Additionally, the o ratio
offers a normalized measure of variability relative to the mean, enabling meaningful comparisons

across datasets [Dodge, 2008, Bluman, 2017].
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4 REsuULTS

This section presents the outcomes of the spectral inversion and scaling analyses performed on the
seismic dataset from Northeastern Italy. The inversion framework was applied to logarithmic spectral
amplitudes derived from local earthquake recordings, with the aim of estimating key source parame-
ters and characterizing their dependence on hypocentral distance and magnitude. The released energy
was calculated according to the provided formulations as well. The empirical models were calibrated
using binned data representations and component-wise spectral and time-domain measures, ensuring

consistency with theoretical expectations and observational constraints.

The results are organized to highlight both the reliability of the inversion outputs and the physical
interpretability of the scaling relations. Particular attention is given to the behavior of PDg and IV 2
across varying distances and magnitudes. Regression fits, uncertainty bounds, and visual characteristics
are provided to support the robustness of the derived parameters and to facilitate the comparison with

existing literature.

4.1 GIT Results

In order to evaluate and contrast the outcomes derived from Equations 23 and 29, two methodological

variables were systematically examined:
* The inclusion or exclusion of weighting factors in the analysis.
* The application or omission of the H/V spectral ratio from the reference station

These considerations were essential for assessing the sensitivity and reliability of the resulting estimates

under varying input configurations.

Based on the objectives of this study, non-parametric GIT were applied in three configurations, namely,
the 2-step method, the 1-step method, and the 1-step method with a predefined attenuation model,
across all selected stations. The results were compared to those reported by Cataldi et al. [2025] using
the ED metric as a measure of deviation. Figure 15 illustrates the ED outcomes under four distinct

input configurations: (a) without weights and without H/V, (b) without weights and with H/V, (c) with
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weights and without H/V, and (d) with weights and with H/V.

The figure reveals that the 1-step method with a predefined attenuation model produces noticeably
higher variability across reference stations, indicating reduced stability which could depend on the uti-
lized attenuation model. In contrast, both the standard 1-step and 2-step methods yield more consistent
ED values, suggesting better robustness under varying input conditions. Furthermore, the inclusion of
the H/V spectral ratio in the data vector leads to a clear improvement in performance, as evidenced by
lower ED values in panels (b) and (d). This highlights the importance of incorporating site response

indicators to enhance the reliability of non-parametric inversion results.
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Figure 15: a) ED metric results for different reference stations without using weights and without using
H/V. b) ED metric results for different reference stations without using weights and with using H/V.
c) ED metric results for different reference stations with using weights and without using H/V. d) ED
metric results for different reference stations with using weights and with using H/V.

Moreover, when evaluating the RMSE of magnitude estimates, the corresponding results are presented
in Figure 16. The patterns observed are broadly consistent with those shown in the ED metric analysis
(Figure 15). Specifically, the 1-step method with a predefined attenuation model exhibits greater vari-
ability across reference stations, resulting in elevated RMSE values. In contrast, the standard 1-step and
2-step methods yield more stable and generally lower errors, particularly when combined with H/V
spectral ratios. Panels (b) and (d) of Figure 16 clearly demonstrate that incorporating H/V into the data

vector improves magnitude estimation accuracy.
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Figure 16: a) Magnitude RMSE results for different reference stations without using weights and without
using H/V. b) Magnitude RMSE results for different reference stations without using weights and with
using H/V. c) Magnitude RMSE results for different reference stations with using weights and without
using H/V. d) Magnitude RMSE results for different reference stations with using weights and with
using H/V.

Significantly, by considering the average performance of each method across all selected stations, the
outcomes of the two-step GIT demonstrated lower diversity but higher consistency, as illustrated in
Figure 17. In both panels,showing average ED and magnitude RMSE, the two-step method consistently
yields tighter error ranges across different reference station configurations. This suggests that the two-
step approach is more robust to site variability, offering stable performance. While the one-step method
with predefined attenuation shows greater fluctuation and sensitivity to station choice, the two-step
method maintains uniformity, reinforcing its suitability for regional-scale applications where consis-

tency is critical.

Moreover, the inclusion of the H/V spectral ratio in the data vector consistently improved both ED
and magnitude RMSE results where the error metrics show reduced scatter and less errors. The im-
proved performance underscores the value of incorporating site response indicators like H/V, which
help to stabilize inversion outputs and mitigate the influence of local amplification effects. Together,
these findings highlight the robustness of the two-step method and the critical role of H/V in achieving

reliable and regionally consistent magnitude estimates.
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Figure 17: a) Average of ED results for all selected stations. b) Average of Magnitude RMSE results for
all selected stations.

As illustrated in Figures 15, 16 and 17, the results of 1-step method with predefined attenuation model
is really different in comparison to the results of the methods that are not using predefined model.
This observation emphasizes that the attenuation model must be defined very carefully. However, by
focusing on the other two methods (Figures 18 and 19), it is noticeable that their results are really
similar. This similarity could be due to the fact that they are resolving the same problem with the same

parameters and the same data. The constraints are also the same. Therefore, the small differences in the
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results could be addressed to the difference in methods which shows a really small and tiny priority of

the 2-step method.

For example, regarding the ED metric, in panel (a) of Figure 18, the average ED value of 1-step method
is 14.66 and for 2-step method is 14.63. In panel (b) the average ED value of 1-step method is 13.97 and
for 2-step method is 13.97. In panel (c) the average ED value of 1-step method is 14.68 and for 2-step

method is 14.63. In panel (d) the average ED value of 1-step method is 14.02 and for 2-step method is

13.98.
a) 152 = b) 146 -
\ LA 14.4 I
15.0 \ . : 3 i
A ! . A N A
148 <=7 \ 7\ 2 14.2 / \ AN A} A
) \ \ I’ a 7 \v; Ny 1’y f
514.6 Vo Yoo AS [ w 14.0 A N/ /
2 Y] S J 2138 AV TN J
T 144 Vi R RN / Ny N 77
v w \ 13.6 / ™’y
14.2 N v
& ==- 1-step 2-step NJ 13.4 == 1-step 2-step
14.0 O DL Q09D 00K L %‘oeee 13.2 O L0 DD O OK PO D20 O
W O S R Do (R SN QKNS O QoD R Do (R N QLS O
X TS L x FF LT LEF P CF XSS oA F PEFS S
Station Station
c d
) 152 \ < ) 46 +
Iy 4\ ,
15.0 7 XY / 14.4 A i
22\ \ / FANFAN P !
o148 =27\ i ! o142 AN X ’
w [ AN w A \ / \ ]
146 \ e SR Y | 214.0 Fov \ /S ’
o \ X} / = - ~ - I
14.4 v A 13.8 N/ T >
v \ ! ¥ \ 4
142~ fstep 2-step \\]’ 136 ——. 1step 2-step \\//
14.0 13.4
N O DO DD 0O DK OO DO D D N0 DL DD O OK OO PO D O
W QW R DX (L N S O QW QoW R Do (R L P E O
CFFFE L xR FLO ¥ PR S0 CFFFE xR F ¥ P& RN
Station Station

Figure 18: Similar to Figure 15 but only for 1-step and 2-step methods. a) ED metric results for different
reference stations without using weights and without using H/V. b) ED metric results for different
reference stations without using weights and with using H/V. c) ED metric results for different reference
stations with using weights and without using H/V. d) ED metric results for different reference stations
with using weights and with using H/V.

Similarly, regarding the magnitude RMSE, in panel (a) of Figure 19, the average RMSE value of 1-step
method is 0.64 and for 2-step method is 0.61. In panel (b) the average RMSE value of 1-step method is
0.27 and for 2-step method is 0.25. In panel (c) the average RMSE value of 1-step method is 0.65 and
for 2-step method is 0.63. In panel (d) the average RMSE value of 1-step method is 0.29 and for 2-step

method is 0.26.
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Figure 19: Similar to Figure 16 but only for 1-step and 2-step methods. a) Magnitude RMSE results for
different reference stations without using weights and without using H/V. b) Magnitude RMSE results
for different reference stations without using weights and with using H/V. ¢) Magnitude RMSE results
for different reference stations with using weights and without using H/V. d) Magnitude RMSE results
for different reference stations with using weights and with using H/V.

Focusing specifically on the two-step GIT, Figure 20 demonstrates that incorporating the H/V spectral
ratio into Equation 23 yields improved results across both ED and magnitude RMSE metrics. In the
figure, the blue and green curves which do not use H/V are usually overlapping. Similarly, the red and
orange curves which use H/V are mostly overlapping. The inclusion of H/V enhances the model’s sen-
sitivity to site-specific amplification effects, resulting in more consistent and lower error values across
the evaluated stations. Regarding the use of weighting factors, the observed differences are relatively
minor. This can be due to the fact that used waveforms of this study were filtered prior to GIT calcu-
lations which means that the signal to noise ratio is already applied to the recordings. However, the
analysis suggests that omitting weights leads to slightly more favorable outcomes, especially when H/V
is present in the data vector. This could also be attributed to the relatively high quality of the data used
in this study, which appears to be largely free from significant noise. Overall, utilizing H/V proves to

be the most effective configuration for stable and accurate magnitude estimation.
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Figure 20: a) ED results of the 2-step GIT for selected stations. b) Magnitude RMSE results of the 2-step
GIT for selected stations.

To identify the most suitable reference station, a combined evaluation based on both ED values and
Magnitude RMSE was conducted on the 2-step GIT which is using H/V in Equation 23. Here, in order
to make a suitable comparison between ED and RMSE values, all values were normalized using the

following equation [Han and Kamber, 2001]:
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X' = %(maxnew — MiNpey ) + MiNpey (40)
in which X’ is the normalized value of X, and since the normalized values should be between 0 and 1,
MaXpey 1S 1 and min,,,, is 0. As shown in Figure 21, the station MOZS emerged as the optimal choice.
Figure 21 presents two complementary visualizations to assess the performance of selected reference
stations based on spectral and magnitude criteria. Panel (a) ranks the stations by a combined score
derived from normalized spectral Euclidean distance and normalized magnitude RMS error, facilitating
direct comparison and selection. Panel (b) offers a two-dimensional view of the same metrics, revealing
the relative trade-offs between spectral and magnitude errors for each station. Including both plots
enables a more detailed interpretation: while the combined score supports ranking, the scatter plot

exposes stations with asymmetric performance, guiding informed decisions in station prioritization.
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Figure 21: a) Ordering combined score of ED and Magnitude RMS Errors for the selected stations. b)
Magnitude RMSE versus ED results for selected stations.
4.1.1 Source Spectra and Magnitude

The objective here is to present both the achieved events’ source spectra and moment magnitudes. Fig-
ure 22 displays some of the source results obtained through the two-step GIT analysis, alongside a

comparative visualization of the source spectra derived by Cataldi et al. [2025].

Each panel displays four curves: the blue line represents the source spectrum obtained in this study

through spectral inversion; the orange line shows the Brune model [Brune, 1970] fitted to the blue
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curve, through which the seismic moment and corner frequency obtained and the corner frequency
marked by blue dot and arrow; the red line corresponds to the source spectrum reported by Cataldi
et al. [2025]; and the green line depicts the theoretical Brune spectrum computed from Cataldi et al.
[2025]’s published M, and f, values and their corner frequency marked by black dot and arrow. These
visualizations allow for direct comparison between the spectral characteristics derived in this study and

those reported in prior work.

In all events, the fitted Brune model (orange) closely follows the observed source spectrum (blue), in-
dicating that the Brune formulation provides a robust approximation of the spectral shape and energy
distribution. The red curve from Cataldi et al. [2025] generally aligns with the trends observed in this
study but exhibits slight deviations in amplitude and curvature, particularly before and near the corner
frequency. These differences may reflect variations in data processing, attenuation correction, or inver-
sion methodology. The green curve, being a theoretical Brune spectrum based onCataldi et al. [2025]’s
parameters, serves as a benchmark for evaluating the consistency of their model. Where the red and
green curves diverge, it suggests that Cataldi et al. [2025]’s spectrum may incorporate additional effects

not captured by the idealized Brune formulation.

Overall, these comparisons validate the spectral inversion approach adopted in this study and demon-
strate good agreement with previously published results. The close match between the fitted Brune
models and the observed spectra supports the reliability of the estimated source parameters. Minor
discrepancies with Cataldi et al. [2025] are expected and highlight the sensitivity of spectral modeling

to methodological choices.
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Figure 22: Some of the source models obtained by GIT.
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Based on the event magnitudes, a comparative analysis with the values reported by Cataldi et al. [2025]
is provided in Figure 23, while Figure 24 presents the residuals of the magnitude estimates. For this
comparison, the Mean Absolute Error (MAE) is calculated as 0.05 magnitude unit, and the RMSE is
0.07 magnitude unit (with respect to to the results of Cataldi et al. [2025]). As discussed earlier, the
magnitudes derived from the GIT procedure correspond to moment magnitude. These comparisons
suggest that the magnitude estimates are broadly consistent with previous work, with acceptable levels
of deviation. The scatter distribution and proximity to the bisector line further support the reliability

of the method, while the standard deviation bands highlight the range of variability across events.
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Figure 23: Comparison of the magnitudes obtained in this study with the magnitudes achieved by
Cataldi et al. [2025].
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Figure 24: Magnitude residuals comparing to the results of Cataldi et al. [2025].

Although the studies by Tarchini et al. [2025] and Moratto et al. [2026] do not contain the events in
2024, they can be used to verify the results obtained in the present study. Therefore, the comparison
of the moment magnitude results for the events up to the end of 2023 with the rsults of the mentioned
studies are shown in Figures 25 and 26. Based on these comparisons, the RMSE with respect to the
results of Tarchini et al. [2025] is 0.16 magnitude unit and with respect to the results of Moratto et al.

[2026] is 0.18 magnitude unit.
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Figure 25: Comparison of the magnitudes obtained in this study with the magnitudes achieved by
Tarchini et al. [2025].
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Figure 26: Comparison of the magnitudes obtained in this study with the magnitudes achieved by
Moratto et al. [2026].
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4.1.2 Site Amplifications

As previously discussed, one of the key outcomes of the GIT is the estimation of site amplification func-
tions, which characterize the frequency-dependent modification of seismic waves due to local geological
and geotechnical conditions. Figure 27 presents some of the site response results derived from the GIT
method, offering a quantitative assessment of amplification across the studied frequency range. These
results are compared against available site amplification data reported by Cataldi et al. [2025], Klin
et al. [2021], University of Genoa [1967] (denoted as RSNI), Felicetta et al. [2023], Luzi et al. [2008] (de-
noted as ITACA), and Cultrera et al. [2022] (denoted as CRISP), providing a benchmark for validation
and regional consistency. Additionally, the figure includes H/V spectral ratio curves computed using

the data collected in this study.

To estimate the H/V in this study, a time window of 30 seconds was extracted which is starting from the
onset of the S-wave arrival. This window was selected to ensure the inclusion of stable shear-wave en-
ergy while minimizing contamination from preceding P-wave arrivals. The two horizontal components
of ground motion were transformed into the frequency domain using the Fourier transform [Fourier,
1822]. To obtain a representative horizontal amplitude spectrum, the spectral amplitudes of these com-
ponents were combined via vectorial summation, as defined in Equation 8, which preserves the energy
content and accounts for directional variability. The resulting composite horizontal spectrum was then
divided by the vertical component’s amplitude spectrum, yielding the H/V ratio as a function of fre-
quency. This approach facilitates the identification of site-specific resonance frequencies and amplifi-

cation characteristics.

Figure 27 is comparing results obtained in this study with those from previous investigations. The
blue curve in each panel represents the site response derived using the GIT, while the remaining curves

correspond to various estimates from other studies as mentioned before.

Overall, the GIT-derived site response shows good agreement with the general trends observed across
the other studies. For all site results, the GIT curve captures the dominant amplification peaks and
frequency-dependent behavior, aligning well with the H/V S-phase and noise-based estimates. Minor
discrepancies in amplitude and peak frequency are expected due to differences in data type, processing
techniques, and reference site assumptions. Notably, the consistency between GIT and independent
studies reinforces the reliability of the inversion results and supports the use of GIT-based site correc-

tions in subsequent spectral modeling.

These comparisons highlight the robustness of the GIT approach in capturing site-specific amplification
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effects, while also demonstrating coherence with established methodologies. The inclusion of multiple

reference curves provides a comprehensive validation framework, ensuring that the adopted site re-

sponse functions are both physically acceptable and empirically supported.
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Figure 27: Some of the site amplifications obtained by GIT.

4.1.3 Attenuation

As previously declared, attenuation and path effect can be obtained through GIT as well. Figures 28 and

29 illustrate the attenuation profiles extracted through GIT in two-dimensional and three-dimensional

spatial representations, respectively. These visualizations shows the spatial variability and frequency-
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dependent behavior of seismic wave attenuation across the study area.

In the 2D plot, each gray line represents the attenuation curve for a specific frequency, showing how
spectral amplitude decays with distance. To highlight representative frequencies, the curves for 1 Hz,
5 Hz, and 10 Hz are shown in black. A blue dashed line is included to illustrate the theoretical decay

proportional to the inverse of distance, serving as a reference for geometrical spreading.
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Figure 28: Attenuation curves obtained by GIT. Each grey line represents the attenuation curve for each
frequency. To be distinct, the curves for frequencies 1, 5 and 10 Hz are shown by black lines. The blue
dashed line is showing the decay proportional to the inverse of the distance.

The 3D surface plot provides a comprehensive view of attenuation behavior across both frequency
and distance dimensions. This visualization reveals the frequency-dependent nature of attenuation,
with higher frequencies exhibiting steeper decay rates over distance, consistent with expectations from
anelastic attenuation and scattering effects. The surface topology can intensify attenuation with increas-

ing frequency, reinforcing the need for frequency-specific correction in spectral modeling.

Together, these plots validate the attenuation model obtained through GIT and demonstrate its physical
consistency. The alignment of the obtained curves with the theoretical decay trend supports the robust-
ness of the inversion, while the frequency-dependent structure captured in the 3D plot highlights the
importance of incorporating attenuation corrections based on spectral content. These results form a crit-
ical component of the overall source parameter estimation framework, ensuring that distance-related

amplitude decay is accurately accounted for in magnitude and stress drop calculations.
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Figure 29: Attenuation curves obtained by GIT in 3D view showing the variations in attenuation along
with distance and frequency.

In addition, Figure 30 provides a comparative assessment between the obtained attenuation curves in
this study and those reported by Cataldi et al. [2025]. The figure builds upon the presentation in Figure
28, with the addition of attenuation curves from Cataldi et al. [2025], shown as pink lines. To enhance
visual distinction, the attenuation curves corresponding to 1 Hz, 5 Hz, and 10 Hz are highlighted in
red. This comparison allows for a direct evaluation of frequency-dependent attenuation behavior across

studies, and helps validate the consistency of the inversion results with previously published models.

The comparison reveals strong consistency between the two studies, particularly at lower frequencies
and shorter distances, where both sets of curves closely follow the expected 1/R decay trend. At higher
frequencies and longer distances, the attenuation becomes more noticeable, reflecting the influence of
anelastic effects and scattering. While differences in amplitude and slope are observed between the

two results, these are likely attributable to variations in data selection, inversion parameters, and site

corrections.

Overall, the agreement between the attenuation curves supports the robustness of the GIT-derived

model and confirms its compatibility with previously published results. This validation is essential

for ensuring reliable amplitude correction in spectral modeling.
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Figure 30: Same as Figure 28 with addition of the attenuation curves by Cataldi et al. [2025] as pink
lines and distinguishing frequencies 1, 5 and 10 Hz with red lines.

4.1.4 Attenuation Smoothness

As previously delineated in Equations 17 and 21, Castro et al. [1990] claimed that the weighting coeffi-
cient w, governs the attenuation smoothness, serving as a regularization parameter within the inversion
framework. To empirically determine the most appropriate value for w,, a series of analyses were con-
ducted. Figure 31 demonstrates that progressive increase of w, yields increasingly smoother attenuation

profiles, indicative of enhanced regularization effects.
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Figure 31: Achieved attenuation curves by changing w, in Equations 17 and 21. a) w, = 1. b) w, =5. ¢)
wy = 10. d) wy = 20. e) wy = 30. f) wy = 40. g) wyH = 50. h) wy = 60.

Moreover, Figure 32 evaluates the trade-off between smoothness and accuracy by examining the RMSE
of the magnitudes. The analysis reveals that a value of 50 optimally balances the two objectives of
minimizing magnitude misfit while preserving smoothness, thereby ensuring robust and interpretable

inversion outcomes (the same is true for the MAE of magnitudes).
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Figure 32: RMSE of magnitude results by changing w, in Equations 17 and 21.

4.1.5 Corner Frequency and Stress Drop

As explained earlier, from Equation 30, the corner frequency is estimated for each event, enabling di-
rect comparison with the corner frequencies reported by Cataldi et al. [2025], as illustrated in Figure
33. The figure highlights the consistency between the two datasets across a broad frequency range,
particularly for moderate-to-large events. However, at higher frequencies, typically associated with
smaller magnitude events, noticeable discrepancies emerge between the results of this study and those
of Cataldi et al. [2025]. These differences may stem from variations in spectral fitting procedures, at-
tenuation corrections, or site response assumptions, which tend to have a more pronounced impact on
high-frequency content. Despite these deviations, the overall agreement supports the reliability of the
inversion method used in this study and underscores the sensitivity of corner frequency estimation to

methodological choices, especially for the small events.
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Figure 33: Comparison of the corner frequencies obtained in this study with the results achieved by
Cataldi et al. [2025].

Taking Equation 41 into account [Brune, 1970], the relationship between M, and f. obtained in this
study follows the expected trend, as shown in Figure 34. The data points align well with the theoretical
stress drop (Ao) contours, represented by black lines corresponding to constant Brune stress drop values
(e.g., 0.1 MPa, 1 MPa, 10 MPa). This consistency confirms the physical plausibility of the inversion

results and supports the reliability of the estimated source parameters.

7 fo s
Ao = —M 41
o = 7eMo(G375) (41)
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Figure 34: Seismic Moment derived from GIT versus its corresponding corner frequency (Blue dots).
Black lines are showing the constant Brune stress drop.

Figure 35 further explores the relationship between M, and Ao providing a comparative view of the
average stress drop obtained in this study (black dashed line) alongside those reported by Franceschina
et al. [2006] (blue dashed line) and Cataldi et al. [2022] (red dashed line) for the same region. Notably,
the stress drops derived in this study are closer to the results of Franceschina et al. [2006], suggest-
ing methodological or regional consistency. Slight differences with respect to Cataldi et al. [2022] may
reflect variations in dataset composition, inversion procedures, or correction strategies. These compar-
isons reinforce the robustness of the spectral inversion approach and offer regional context for inter-

preting stress drop variability across events.
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Figure 35: Seismic Moment derived from GIT versus its corresponding Stress Drop (Blue dots). Black
dashed-line is showing the average Stress Drop. Blue dashed-line is showing the average Stress Drop
obtained by Franceschina et al. [2006]. Red dashed-line is showing the average Stress Drop obtained by
Cataldi et al. [2022].

Furthermore, the scaling relationship between M, and f, proposed by Franceschina et al. [2006] for
the Friuli Venezia Giulia region (Northeastern Italy) takes the form Mg o fc_(3+€) , with an empirically
derived exponent € = 0.43. This formulation reflects a generalized source spectral model in which the
decay of M, with increasing f, is affected by the parameter €. In the present study, a comparable inverse
power-law dependence was observed, as illustrated in Figure 36, yielding a best-fit exponent of € = 0.59.
This result, while comparing to the result of Franceschina et al. [2006], reinforces the robustness of the
My and f, scaling in the region while suggesting a slightly steeper decay trend, potentially attributable
to differences in dataset composition, inversion methodology, or regional stress conditions. However,
the value of 0.59 of the present study is completely consistent with the value of 0.5 obtained by Moratto

et al. [2026].
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Figure 36: Obtained relation between f, and M. The green line is the scaling relation M « fc_(3+€) with

€ =0.59.

4.1.6 Residuals

To perform a comparison between the finalized source model and each corresponding Fourier amplitude
spectrum, corrected for site amplification and attenuation, the residual ratio and its logarithmic average

are calculated according to Equations 42 and 43 [Cataldi et al., 2022].

FAS},
Rij(fk) = FAST (42)
ij
1
Ina;(fi)) = 57 ) In(Rij(fi) (43)

where i is the event, j is the station, k is the frequency point, o shows the observed data and m is the
modeled spectrum. The resulting metrics are evaluated across individual frequency bins, event magni-

tudes, focal depths, and hypocentral distances, as illustrated in Figures 37 through 40, respectively.

The results of this study demonstrate that the computed residual ratios consistently converge toward
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unity across all examined parameters, including frequency points, magnitude ranges, hypocentral depths,
and hypocentral distances. This uniformity suggests that the final model outputs exhibit a high degree
of statistical neutrality, with no significant systematic bias present in any of the evaluated domains. In
particular, the residuals, defined as the ratio between the observed and calculated values, remaining
centered around 1 imply that the model neither systematically overestimates nor underestimates the

spectral amplitudes and derived source parameters across all of the considered seismic events.

Such behavior is indicative of a well-calibrated inversion framework, wherein the empirical and theoret-
ical components are yielding physically consistent and unbiased calculations. The absence of frequency-
dependent or magnitude-dependent deviations further reinforces the robustness of the model, suggest-
ing that it maintains predictive ability across varying source sizes and propagation conditions. Similarly,
the stability of residuals with respect to hypocentral depths and distances confirms that the attenuation
and geometrical spreading corrections embedded in the model are appropriately tuned for the regional

crustal structure.
Overall, these findings show the reliability of the adopted modeling approach and support its appli-

cability for regional seismic hazard assessment, magnitude scaling studies, and other waveform-based

estimations without introducing systematic biases across key seismological parameters.
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Figure 37: Residual ratios (circles) and log-average of them (squares) for each observed FAS and final
modeled FAS regarding each frequency point.

88




4 RESULTS

g 0.04/ . Residual at each frequency point .
g 0.03 © Average residual at each frequency :
f s b 5 g ]
< 0.02 ° Pk o e
)
S 0.01
2 0
T
o —0.01 I
S-002 [ 2 P ¥ : f "
-9 ° i o8 3 85 ° oo; § S e o
B — o o o 8 o
< 0.03 ] §
o
(@) 2.0 2.5 3.0 3.5 4.0
! )
- Magnitude

Figure 38: Residual ratios (circles) and log-average of them (squares) for each observed FAS and final
modeled FAS regarding each magnitude.
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Figure 39: Residual ratios (circles) and log-average of them (squares) for each observed FAS and final
modeled FAS regarding each depth.
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Figure 40: Residual ratios (circles) and log-average of them (squares) for each observed FAS and final
modeled FAS regarding each hypocentral distance.

A closer view of the average values are presented in Figure 41 (derived from Figure 37), which is reveal-
ing that residuals tend to be higher at lower frequencies (although the values are really small i.e. on the
order of about 0.001). This observation is further supported by the individual event analysis which is

shown in Figure 42.

This frequency-dependent behavior may be attributed to the limited availability of reliable spectral
data in the low-frequency domain, particularly for smaller-magnitude events. Due to their inherently
higher corner frequencies and reduced energy content at long periods, such events often fall outside
the sensitivity range required to constrain spectral amplitudes below dim 1 Hz. As a result, the inver-
sion process may become dependent on extrapolated or noisy data in this frequency range, which can

introduce minor deviations in the residual structure.

The observed pattern underscores the importance of magnitude-dependent spectral completeness in
inversion workflows and suggests that future refinements to the model may benefit from enhanced low-
frequency coverage, either through the inclusion of larger events or improved preprocessing techniques

that extend the usable bandwidth of smaller events.
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Figure 42: log-average of residual ratios for each frequency, color coded for each event (the white parts
showing there is no data for that frequency).

4.2 Energy Results

In this part, the outcomes of the energy computations are presented. Figures 43 and 44 present the
energy estimates calculated for seismic events using Equations 31 and 33, respectively. These results

are compared with the corresponding energy values reported by Cataldi et al. [2025].
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The analysis reveals that when applying Equation 31, the energy estimation yields MAE of 0.44 and
RMSE of 0.47 (with respect to the results of Cataldi et al. 2025). Alternatively, using Equation 33 results
in an MAE of 0.81 and an RMSE of 0.83 (with respect to the results of Cataldi et al. 2025), indicating

limited suitability.
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Figure 43: Comparison of the energies obtained in by using Equation 31 with the energies achieved by
Cataldi et al. [2025].
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Figure 44: Comparison of the energies obtained in by using Equation 33 with the energies achieved by
Cataldi et al. [2025].

As emphasized by Picozzi et al. [2018b], in the case of moderate to small seismic events (M < 5), the

energy magnitude tends to be systematically lower than the corresponding moment magnitude (Figure

45).
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Figure 45: Relation between M and My, obtained and published by Picozzi et al. [2018D].
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In alignment with these findings, the Mg values derived in the present study exhibit a consistent pattern
of being lower than the My values, reinforcing the trend reported in earlier literature. This behavior is

clearly illustrated in Figures 46 and 47.
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Figure 46: Relation between Mg and My of this study by using Equation 31.
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Figure 47: Relation between Mg and Myy of this study by using Equation 33.

Supporting this observation, Picozzi et al. [2018b] noted that when Ac falls below 1 MPa, the relation-
ship between Mg and My tends to change. This behavior aligns with the findings presented in the
"Corner Frequency and Stress Drop"” section of this study where it is shown in the Figure 34 that most of

the events used in this study have the stress drop below 1.

However, comparing the energy results of Equation 31 (which shows a bit more consistency) with the
avhieved energies by Moratto et al. [2026] which is illustrated in Figure 48 shows more scattering with

RMSE of 0.93 even though the general trend is consistent.
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Figure 48: Comparison of the energies obtained in by using Equation 33 with the energies achieved by
Moratto et al. [2026].

Additionally, to compare Energy versus Moment, Kanamori [1977] derived a condition for big events

(My > 5) based on which log(Er/M,) = —4.3. Similar to what happened for Mg and My, according

to Picozzi et al. [2018b] (Figure 49) for moderate to small earthquakes, the trend between log Ex and

log My, is changing. The results of the present study also followed the same trend which shows their

agreement to the previous observations (Figure 50).
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Figure 49: Relation between Ex and M, obtained and published by Picozzi et al. [2018b]. The black
dashed line shows the condition of Kanamori [1977]
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Figure 50: Achieved result of this study for the relation between Er and M.

To summarize the results of this part, considering seismic energy and moment, the seismic moment ex-
hibits a lower Root of Squared Error per observation compared to the seismic energy as shown in Figure

51. This suggests that the inversion results for M, are more stable and consistent with respect to the ref-
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erence values reported by Cataldi et al. [2025]. The narrower distribution of errors for log M, indicates
higher reliability in moment estimation, while the broader spread of errors observed for log E reflects
greater variability and uncertainty in energy determination. These findings highlight the robustness of
the moment-based spectral inversion and suggest that M, may serve as a more dependable parameter

for characterizing seismic sources in this region.
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Figure 51: Achieved result of this study for the root of squared error per sample for Eg and M.

4.3 Results of the Model Coefficients

Utilizing the outcomes of the GIT analysis, the coefficients in Equation 35 were determined. For both
Equations 34 and 35, to resolve the trade-off between coefficients A and C; and between D and Gj, the
attenuation is set to zero at the the upper limit of the first distance bin [Picozzi et al., 2018a, Spallarossa
et al.,, 2021]. It’s important to highlight that shifting the node where attenuation is constrained to zero
affects both A and C; and also D and G;. These changes counterbalance one another, ensuring that the
coefficient B in Equation 34 and coefficient F in Equation 35 remain unchanged [Picozzi et al., 2018a,

Spallarossa et al., 2021]. Considering the M, results, the obtained coefficients are listed in Table 8.
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Parameter | Value Parameter | Value || Parameter | Value || Parameter | Value
D -15.569 G1, -0.726 Gys -1.646 Gsg -2.396
F 0.864 G13 -0.914 Gog -1.646 G39 -2.396
Gy 0.065 Gia -1.039 Gy -1.723 Gyo -2.396
G, 0.000 Gis -1.039 Gog -1.844 Gy -2.403
G3 -0.003 Gig -1.110 Gog -1.883 Gyo -2.403
Gy -0.006 G17 -1.110 G3g -1.883 Gys -2.403
Gs -0.006 G1s -1.212 G31 -1.883 Gys -2.403
G -0.173 Gio -1.305 Gs» -2.112 Gys -2.403
Gy -0.173 Gyo -1.385 Gs3 -2.170 Gyg -2.548
Gg -0.657 Gy -1.435 Gy -2.170 Gy -2.557
Go -0.657 Gyy -1.524 G35 -2.245 Gys -2.830

Gio -0.726 Gys -1.524 G3g -2.332 Gyo -2.830
Gy -0.726 Goy -1.601 Gs37 -2.396 Gso -2.830

Table 8: Coefficients obtained for Equation 35.

Moreover, these coefficients compared with M, residuals as shown in Figure 52. This figure presents a

direct evaluation of the G; coefficients of Equation 35 with the residuals as Alog(M) = log[PDs(Ry)] -

D —Flog(M,) where PDg(Rp) represents the peak displacement at hypocentral distance Ry. The scatter

plot shows a clear trend of decreasing residuals with increasing distance, indicating that the coefficient-

based model captures the attenuation behavior effectively. The red points, representing the calculated

coefficients, align well with the overall distribution of residuals, supporting the validity of the regression

approach. This comparison confirms that the derived coefficients are physically consistent and capable

of reproducing the observed moment-distance relationship with minimal bias.
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Figure 52: Comparison of the G; coefficients of Equation 35 with the residuals as Alog(My)

log[PDs(Ry)] = D — Flog(My).
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These coefficients were then validated by applying Equation 35 to compute My and My for the second
dataset provided by Presidenza del Consiglio dei Ministri, Dipartimento della Protezione Civile [2014].
A comparative assessment with the magnitudes reported by Cataldi et al. [2025] is illustrated in Figure
53. The regression fit (red line) reveals a strong linear relationship, indicating systematic agreement
with a slight bias toward lower magnitude values. The mean absolute error was 0.18 and the root mean

square error was 0.2 magnitude unit (with respect to the results of Cataldi et al. 2025).
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Figure 53: Comparison of the magnitudes obtained by using Equation 35 with the magnitudes achieved
by Cataldi et al. [2025].

In addition to that, when comparing with the results of Tarchini et al. [2025] and Moratto et al. [2026]
(although they are up to the end of 2023), the consistency is increasing, i.e. the RMSE with respect to
the results of Moratto et al. [2026] is 0.12 which is shown in Figure 54 and the RMSE with respect to the

results of Tarchini et al. [2025] is 0.1 which is shown in Figure 55.
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Figure 54: Comparison of the magnitudes obtained by using Equation 35 with the magnitudes achieved
by Moratto et al. [2026].
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Figure 55: Comparison of the magnitudes obtained by using Equation 35 with the magnitudes achieved
by Tarchini et al. [2025].
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The next step is to obtain and validate the model coefficients for seismic energy. The coefficients ob-
tained using the Ey results from Equations 31 and 33 are listed in Tables 9 and 10, respectively. Their
performance is evaluated through comparison with the residuals of Eg, as illustrated in Figures 56 and
57. Specifically, these figures presents the comparison of the C; coefficients of Equation 34 with the
residuals as Alog(Er) = log[IV2s(Ry)] — A — Blog(ERr) by using the results of Equations 31 and 33 re-
spectively. Both scatter plots show a clear negative trend, indicating that the residuals decrease with

increasing hypocentral distance, consistent with expected attenuation behavior.

The red points representing the calculated coefficients align well with the overall distribution of residu-
als, suggesting that the regression model effectively captures the distance-dependent decay of radiated
energy. This agreement supports the physical validity of the derived coefficients and confirms their suit-
ability for modeling energy versus attenuation in the region. The results also highlight the sensitivity of
energy-based regressions to distance, reinforcing the importance of accurate coefficient calibration for

reliable energy estimation.

Parameter | Value Parameter | Value || Parameter | Value || Parameter | Value
A -13.009 Cia -1.937 Cys -3.714 Csg -5.001
B 1.035 Cy3 -2.481 Cy6 -3.819 Cso -5.001
C 0.032 Ciy -2.562 Cyy -4.022 Cyo -5.001
C, 0.000 Cys -2.652 Chg -4.057 Cy1 -5.266
Cs -0.007 Cie -2.672 Cy9 -4.275 Cyr -5.265
Cy -0.013 Cyy -2.672 Cso -4.275 Cy3 -5.265
Cs -0.013 Cyg -2.836 Cs1 -4.328 Cyy -5.265
Ce -0.535 Cio -3.067 Cs, -4.581 Cys -5.265
Cy -1.117 Cyo -3.238 Cs3 -4.768 Cyue -5.549
Cs -1.494 Cy -3.345 Csy -4.768 Cyy -5.640
Cy -1.494 Cyy -3.480 Css -4.858 Cyg -6.213
Cqo -1.494 Cys3 -3.484 (OFY -4.995 Cyo -6.213
Cyy -1.494 Coy -3.656 Csy -4.995 Cso -6.213

Table 9: Coefficients obtained for Equation 34 using the results of Equation 31.
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Figure 56: Comparison of the C; coefficients of Equation 34 with the residuals as Alog(Egr) =
log[IV2s(Rg)] — A— Blog(ER) by using the results of Equation 31.

Parameter | Value Parameter | Value || Parameter | Value || Parameter | Value
A -12.828 Ci2 -1.493 Cys -3.184 Csg -4.433
B 1.032 Cy3 -1.916 Co6 -3.291 Cso -4.433
Cy 0.360 Ciy -2.069 Cyy -3.450 Cyo -4.433
C, 0.000 Cys -2.122 Cog -3.540 Cy1 -4.673
Cs -0.005 Cis -2.145 Cy9 -3.742 Cyr -4.673
Cy -0.011 Cy7 -2.145 Cszo -3.742 Cys3 -4.673
Cs -0.011 Cig -2.325 Cs; -3.797 Cyy -4.673
Cs -0.011 Cio -2.572 Cs, -4.051 Cus -4.673
Cs -0.856 Cyo -2.742 Cs3 -4.240 Cye -4.951
Cy -1.213 Cy -2.810 Csyq -4.240 Cyy -5.018
Co -1.213 Cyy -2.968 Css -4.272 Cug -5.601
Cio -1.213 Coys3 -2.968 Cs6 -4.433 Cyo -5.601
Ci1 -1.213 Coy -3.153 Csy -4.433 Cso -5.601

Table 10: Coefficients obtained for Equation 34 using the results of Equation 33.
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Figure 57: Comparison of the C; coefficients of Equation 34 with the residuals as Alog(Egr) =
log[IV2s(Rg)] — A — Blog(ER) by using the results of Equation 33.

Subsequently, to validate these coefficients, Equation 34 was applied to derive energy values for the
second dataset provided by Presidenza del Consiglio dei Ministri, Dipartimento della Protezione Civile
[2014]. The resulting estimates were compared against the energy values reported by Cataldi et al.

[2025], as shown in Figures 58 and 59.

The analysis indicates that using Equation 31 yields MAE of 0.18 and RMSE of 0.25 (with respect to the
results of Cataldi et al. 2025), on the other hand, Equation 33 results are showing less reliable results
with an MAE of 0.34 and RMSE of 0.39 (relative to the results of Cataldi et al. 2025). Consistent with
the outcomes obtained through direct energy computation, Equation 31 produced comparatively more

reliable results, reinforcing its effectiveness in this context.
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Figure 58: Comparison of the energies obtained by the Equation 34 using the results of Equation 31
with the energies achieved by Cataldi et al. [2025].
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Figure 59: Comparison of the energies obtained by the Equation 34 using the results of Equation 33
with the energies achieved by Cataldi et al. [2025].
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Similar to Figure 48, the energies obtained using model coefficients by taking advantage of Equation
31, when compared to results of Moratto et al. [2026], show scattering (Figure 60), however, the RMSE

improved to 0.59.
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Figure 60: Comparison of the energies obtained by the Equation 34 using the results of Equation 31
with the energies achieved by Moratto et al. [2026].

Interestingly, when the regression coefficients were applied, the energy-based outcomes showed a slight
advantage over the moment-based results, as illustrated in Figure 61. The distribution of root squared
error per observation for log Eg appears marginally narrower and more concentrated than that of log M
suggesting that the energy parameter may offer slightly improved predictive performance under the
applied model. This small difference highlights the potential of energy-based formulations in capturing

source characteristics, especially when calibrated with appropriate distance-dependent coefficients.
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Figure 61: Root of squared error per sample for Egx and M using model coefficients.

Upon observing the discrepancy between moment and energy estimates, one potential explanation that
initially emerged was the difference in component usage during source parameter computation. As pre-
viously noted, radiated energy is derived using all three components of ground motion, two horizontal
and one vertical, whereas seismic moment is estimated using only the horizontal components. This
raised the question of whether incorporating the vertical component into moment estimation might

explain the observed divergence.

To evaluate this hypothesis, a targeted test was conducted wherein seismic moment was recalculated
using all three components. However, the results revealed that this modification led to an increase in
the RMSE of magnitude estimates, rising from 0.2 to 0.3. This degradation in performance suggests
that the inclusion of the vertical component does not enhance the accuracy of moment estimation and
may introduce additional noise or instability. For further investigation, a test was done over energy by
reducing the components into the two horizontal components, and again the RMSE for energy results
increased from 0.25 to 0.29. Consequently, the assumption that component selection is the primary
driver of the discrepancy appears to have low explanatory power, and other factors such as inversion

constraints, or sensitivity of model parameters are likely to play a more significant role.

4.4 TIssues about the Results

This section is to discuss about some issues about various methodological approaches adopted in this

study, along with the corresponding results they produced. It aims to critically evaluate the strengths
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and limitations of each technique, highlighting areas of agreement and divergence among the outcomes.
By examining these aspects in detail, the section provides deeper insight into the experience behind the
chosen methods, the implications of the observed results, and the broader relevance of these findings

within the context of seismic moment and energy analyses.

4.4.1 Quality Factor in Equation 15

In order to resolve Equation 14, which incorporates a predefined attenuation model as expressed in
Equation 15, it is necessary to adopt an appropriate frequency-dependent or frequency-independent
quality factor (Q) representative of the seismic attenuation characteristics of the study region. The se-
lection of a suitable Q model is critical, as it directly influences the accuracy of the attenuation correction

and, consequently, the reliability of the derived source parameters.

Several formulations of the quality factor have been proposed in the literature for the study region.
For instance, Console and Rovelli [1981] derived a frequency-dependent attenuation law of the form
Q(f) = 80f!! which has been widely employed in subsequent studies, including Gallo et al. [2014]. In
contrast, Castro et al. [1996] proposed two distinct models based on different datasets: Q(f) = 20.4f
for strong motion recordings and Q(f) = 16.1%92 for digital seismographic data, highlighting the vari-
ability of attenuation behavior with respect to instrumentation and signal amplitude. Furthermore,
Malagnini et al. [2002] introduced a model characterized by a relatively high reference value and a gen-
tler frequency dependence, expressed as Q(f) = 260f %>, which was calibrated for northern Italy using

broadband waveforms.

More recently, Cataldi et al. [2022] proposed a whole path anelastic attenuation operator (t*) which
relies on a frequency-independent quality factor Qy = 1145, distance (r), shear-wave velocity (v;) and
site-related attenuation (xy = 0.025). The final relation is as t* = ﬁ + x¢. In another study, Jozi Na-
jafabadi et al. [2023] performed an analysis about Qp in Eastern and eastern Southern Alps, and their
background model was a frequency independent quality factor Qp = 550 which is perturbed by high
and low anomalies. Since Equation 15 needs the value for Qg, and according to Lay and Wallace [1995],
the relation between quality factors of P wave and S wave is as Qp ~ 3Qs, in this study, the value of

Qg =~ 244 was chosen.

In the present study, all mentioned formulations were evaluated in their best case. As illustrated in Fig-
ure 62, apart from the models proposed by Castro et al. [1996] which showed inconsistency regarding
both magnitude results and achieved spectra, other models showed better results considering magni-

tude estimations.
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However, the models by Malagnini et al. [2002] and Jozi Najafabadi et al. [2023], showed inconsistency

in high frequency part of the spectra. Moreover, the model by Console and Rovelli [1981] showed a bit

more consistency in both magnitude results and obtained spectra than model by Cataldi et al. [2022].

Consequently, in this study, the model of Console and Rovelli [1981] was chosen to be used in Equation

15.
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Figure 62: Left: Magnitude results comparing to the results of Cataldi et al. [2022] when using Equation
14 by taking advantage of a predefined attenuation function (Equation 15) with different quality factor
models. Right: Sample of obtained source spectra when using Equation 14 by taking advantage of a
predefined attenuation function (Equation 15) with different quality factor models. The Q models are:
a, b) Q(f) = 20.4f [Castro et al., 1996]. ¢, d) Q(f) = 16.1 %92 [Castro et al., 1996]. e, f) Q(f) = 260f%5>
[Malagnini et al., 2002]. g, h) Qg =~ 244 [Jozi Najafabadi et al., 2023]. i,j) t* = 7/5220 + ko with Qp = 1145

and x = 0.025 [Cataldi et al., 2022]. k, 1) Q(f) = 80f ! [Console and Rovelli, 1981].
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4.4.2 Non-Parametric?

Given that none of the GITs employed in this study use priori structural or functional models for the
output parameters, these methodologies are not being categorized in the framework of parametric inver-
sion. Nonetheless, the integration of a predefined attenuation formulation, as explained in Equation 16,
introduces a degree of model dependency that complicates the classification of the approach as strictly
non-parametric. A similar ambiguity arises from the systematic inclusion of the horizontal-to-vertical
spectral ratio across the implementation of all types of GITs. The incorporation of H/V into the data
vector inherently influences the inversion outcome, introducing bias that deviates from the principles
of pure data-driven estimation. Consequently, considering the methodology, while the GITs are funda-
mentally non-parametric in design, the presence of these model assumptions and data transformations

makes challenges for the characterization as purely non-parametric.

Assuming the H/V is excluded from the data vector, and by referring to the comparative analysis pre-
sented in Figures 15 through 20, it indicates that the most effective inversion strategy remains the two-
step GIT. In this scenario, as evidenced in Figure 63, the station named as PRED emerges as the optimal
candidate for serving as the reference site (while the MOZS station becomes the second). The figure
illustrates two distinct yet complementary approaches for evaluating the performance of selected refer-
ence stations based on spectral and magnitude error metrics. Panel (a) displays a ranked list of stations
using a combined score that integrates normalized spectral Euclidean distance and magnitude RMSE,
which is enabling straightforward comparison and selection. In contrast, panel (b) shows the same
metrics in a two-dimensional scatter plot, highlighting the trade-off between spectral and magnitude
performance across stations. Presenting both visualizations allows for a deeper analysis: the ranking
plot simplifies selection, while the scatter plot reveals the trade-offs that inform more strategic station

prioritization.
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Figure 63: a) Ordering combined score of ED and Magnitude RMS Errors for the selected stations. b)
Magnitude RMSE versus ED results for selected stations.

It is noteworthy that among the selected stations to evaluate being as the reference station, PRED ex-
hibits the lowest median amplification, as depicted in Figure 64, underscoring its relative stability and

minimal site amplification effects.

The figure presents the HVSR distributions for selected stations, with black dots indicating the 50th
percentile (median) amplification, and blue and red dots representing the 5th and 95th percentiles,

respectively. The wide spread observed at some stations reflects significant variability in site response,
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while the narrow percentile range at PRED further confirms its stable amplification behavior. This
characterization is essential for selecting reference stations and for applying reliable site corrections in

spectral inversion.
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Figure 64: Horizontal to Vertical Spectral Ratio of selected stations. Black dots are showing median
of site amplification while blue dots and red dots are corresponding to 5th and 95th percentile of site
amplification.

Utilizing PRED as the reference station, the resulting source spectra corresponding to the seismic events
of the first (training) dataset are depicted in Figure 65, reflecting the spectral characteristics derived

under this calibration framework.

The figure presents a comparative analysis of seismic source spectra for some of the events in which
each panel displays four curves: the blue line represents the calculated source spectrum obtained in this
study; the orange line shows the Brune model fitted to the observed spectrum; the red line corresponds
to the source spectrum reported by Cataldi et al. [2025]; and the green line depicts the theoretical Brune

spectrum computed using Cataldi et al. [2025]’s published seismic moment and corner frequency.

Although in all cases the fitted Brune model (orange curve) closely follows the observed spectrum (blue
curve), indicating a reliable match between theory and data, the red curve from Cataldi et al. [2025] gen-
erally shows deviations in amplitude and curvature from the obtained spectral shape. These deviations

are higher with respect to the condition of using H/V in the data vector.
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: Source model obtained by GIT when the reference station is PRED.

Under this configuration, the computed MAE and RMSE of the estimated magnitudes, with respect to

the findings of Cataldi et al. [2025], are 0.30 and 0.31, respectively which shows more error in com-

parison to the situation of using H/V in the data vector. A detailed comparative visualization of these

results is provided in Figure 66, highlighting the degree of consistency between the two datasets which

is less than the consistency when using H/V.
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Figure 66: Comparison of the magnitude results when the reference station is PRED with the magni-
tudes of Cataldi et al. [2025].

Consequently, the magnitude results obtained by applying regression coefficients to the second dataset

show a noticeable decline in performance compared to those derived using the H/V spectral ratio in the

data vector, as illustrated in Figure 67. This degradation suggests that incorporating H/V contributes

positively to the stability and accuracy of magnitude estimation, likely due to its ability to account for

site-specific amplification effects. The comparison, furthermore, highlights the sensitivity of coefficient-

based magnitude calibration to the structure of the input data vector.
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Figure 67: Comparison of the magnitudes achieved by coefficients (under the condition that the refer-
ence station is PRED) with the magnitudes of Cataldi et al. [2025].

4.4.3 No Reference Station

In the present study, the adopted methodology involved identifying and utilizing a single station as the
reference site for inversion calibration. However, Castro et al. [1990] introduced an alternative strategy,
in which, instead of anchoring the analysis to a specific station, a global constraint is imposed on the

site amplification parameters, expressed as:

ElogZ;=0 (44)

where Z denotes the site amplification factor for each station j. When this constraint is applied, the
resulting source spectra is as illustrated in Figure 68. Each panel displays four spectral curves plotted
against frequency: the blue line represents the calculated source spectrum obtained in this study using
average site effect of all stations in the GIT; the orange line shows the fitted Brune model on the blue line;
the red line depicts the source spectrum reported by Cataldi et al. [2025] and the green line corresponds

to the theoretical Brune spectrum using their inversion-derived parameters.

As illustrated in the figure, the magnitude results obtained using average site effect of all stations shows
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a noticeable decline in accuracy when compared to those derived using a single reference station. This
degradation highlights the stabilizing effect of station-specific calibration, particularly when site am-
plification is well-characterized. The use of one reference station, typically selected for its minimal
site effects and consistent spectral behavior, appears to reduce variability and improve the reliability of
magnitude estimates. In contrast, applying generalized site effect across multiple stations introduces
greater uncertainty, especially when site conditions vary significantly. These findings underscore the

importance of careful reference station selection.
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Figure 68: Source model obtained by GIT when the log average of stations sets to zero.

The corresponding magnitude estimates, with respect to the results of Cataldi et al. [2025], which is
shown in Figure 69, showing that the inversion performance under this conditions which is not using

one reference station resulted in moments and magnitudes which do not seem suitable.
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Figure 69: Comparison of the magnitude results when the log average of stations sets to zero with the
magnitudes of Cataldi et al. [2025].

Moreover, Figure 70 is showing the magnitude results when using the model coefficients for the second

dataset under this condition which again shows less suitable outcomes.
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Figure 70: Comparison of the magnitude results by using coefficients when the log average of stations
sets to zero with the magnitudes of Cataldi et al. [2025].

4.4.4 Extra Method to Calculate Energy

In addition to the introduced methodologies employed for estimating seismic radiated energy, an al-
ternative formulation, originally proposed by Kanamori et al. [1993] and subsequently implemented
by Bindi et al. [2018], was evaluated. This approach offers another framework for quantifying the en-
ergy released during seismic events, leveraging empirical observations and nonparametric attenuation

modeling. The radiated energy E; associated with a given seismic event i is expressed as:

drnpvs 5, - h.
Ei=—5 >D;, (10" (45)

where p denotes the medium density, v, is the shear-wave velocity, A = 2 accounts for the amplification
effects at the free surface, D,f is the reference hypocentral distance, and H; shows the event-specific
logarithmic energy scaling parameter. The latter is derived through an inversion of integrated squared

velocity amplitudes, as formulated in the following expression:
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NE'T/ l\[S a S
log IVii(R) = by log Fo(Ryy) + by 110gFo(Ryie1) + 3,27 6icHi + 32101 2 (46)

In this equation, I V}; represents the time-integrated squared velocity over the S-wave window, summed
across all three components for the kth seismic event recorded at the Ith station. The term F; corre-
sponds to a nonparametric attenuation function, constrained to be 0 at a given reference distance DrefZ
and Z; denotes the station-specific correction factor for the jth station. The hypocentral distances (R)
are discretized into N bins with n =0,...,Ny; b, = (R,;1 —AR)/AR; AR=(R,;1 —R,); byy1 =1-b,;and 6
is the Kronecker delta which allows the use of the related variable. The total number of seismic events
and stations are denoted by N,, and Ny, respectively. An additional constraint, as claimed by Bindi
et al. [2018], ensures that the sum of all station corrections satisfies £;Z; = 0 thereby preserving the

stability of the inversion.

The above formulation could be rewritten as a matrix representation (Equation 46), enabling efficient
implementation within a linear inversion framework and facilitating the joint estimation of energy scal-

ing parameters and station corrections across large seismic datasets.
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The matrix formulation of the inversion system is divided into three distinct segments, each belonging
to a specific class of parameters. The left block of the system matrix is related to the attenuation,
specifically the nonparametric distance-dependent decay functions. The central block is reserved for
site corrections, reflecting local amplification effects at individual recording stations. The right block

corresponds to source-related terms, capturing the energy scaling factors for each seismic event.

Each row of the matrix represents a unique waveform, and the columns are receiving values according
to the spatial and observational relationships between events and stations. For the attenuation segment,
the column corresponding to the distance bin between the hypocenter and the station is assigned the
interpolation weight b, while the adjacent column receives the complementary weight b,,,;, ensuring
smooth transitions across distance intervals. In the site correction segment, the column corresponding
to the recording station is set to unity, indicating the presence of a station-specific term. Similarly, in the
source segment, the column associated with the seismic event is marked with a value of one, showing

its contribution to the observed amplitude.

Figure 71 illustrates the initial energy estimates derived from this inversion framework. As it is shown

in the figure, the difference between the observed and calculated values is very significant.
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Figure 71: Comparison of the energy results by using Equation 45 with the energy results of Cataldi
et al. [2025].

Moreover, when the coefficients are recalculated using Equation 34, the updated energy distribution is
presented in Figure 72. However, similar to previous figure, it is revealing that the resulting energy
trend shows lack of consistency and exhibit considerable scatter, suggesting limitations in the current

approach.
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Figure 72: Comparison of the energy results by using coefficients produced based on the Equation 45
with the energie results of Cataldi et al. [2025].

A further methodological point arises in the definition of the distance bins difference AR. While Bindi
et al. [2018] adopt the formulation AR = (R,,1 —R;), Spallarossa et al. [2021] used an alternative expres-
sion AR = (R;;1 — R) in similar situation where R is the actual hypocentral distance. Implementing this
latter definition within the same inversion framework yields more degraded results, as evidenced in
Figure 73, underscoring the sensitivity of the energy estimates to the discretizations strategy employed

in the attenuation modeling.
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Figure 73: Comparison of the energy results by using Equation 45 while using AR = (R,,;; — R), with the
energy results of Cataldi et al. [2025].

4.4.,5 Station Correction

As detailed in the section Empirical Attenuation Characteristics, [Picozzi et al., 2018a] established em-
pirical formulations for estimating the Ex and M, which are presented in Equations 34 and 35. These
expressions are based on observed ground motion metrics and attenuation behavior, offering an easier

and time-saving approach for source parameter estimation across regional networks.

Building upon this framework, Spallarossa et al. [2021] proposed a refinement by incorporating an ad-
ditional term, referred to as the Station Correction, to account for site amplification effects and systematic

biases inherent to individual recording stations as shown in Equations 48 and 49.

NS&
10g[1V25(RH)]k1 =A+ BlOg(ER)k + w]C] + (1 —w]')C]‘Jrl + ):’i:tl 51'151' (48)

Nitq
log[PDs(RH)]kl =D+ FlOg(Mo)k + w]G] + (1 —w]-)G]-+1 + Ei:; 6,‘121‘ (49)
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This modification introduces two corrective parameters S; and Z; associated with each station i, where
N, denotes the total number of stations involved in the analysis. The inclusion of these terms neces-
sitates a revision of the previously defined system matrices in Equations 37 and 38, which is effectively

expanding the inversion framework to accommodate station-dependent changes as shown in Equations

50 and 51.
A
C
1 IOg(ER)l w1 1 — w1 0 611 0
log(I'V24)14 C,
1 IOg(ER)l 0 (%) 1 —wy ... 0 512
log(IV25)12|
Cj
1 log(ER)k . . 6kl
log(IV2)x 51
source attenuation stations
S»
SNstu
(50)
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D
F
Gy
1 IOg(Mo)l w1 1 — W1 0 611 0
log(PDj)11 Gy
1 log(MO)l 0 Wy 1 —wy ... 0 612
log(PDs)12|
G;
1 log(MO)k . . 5kl
log(PDg)g; Zy
source attenuation stations Zz
Nsta
(51)

The resulting station correction coefficients, derived from the updated inversion scheme, are visual-
ized in Figure 74. The coefficients S; exhibit a range from -1.5 to 1.5, while the coefficients Z; vary
between —0.8 and 0.7. These value ranges are consistent with the findings reported by Spallarossa et al.
[2021], confirming the physical plausibility and regional compatibility of the derived parameters. The

agreement reinforces the reliability of the regression framework adopted in this study and supports its

applicability.
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Figure 74: a) Station Correction coefficients S; (Equation 48). b) Station Correction coefficients Z; (Equa-
tion 49).

However, this methodological adjustment, while theoretically motivated to enhance model fidelity, led
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to a slight differences in the overall performance of the regression. Specifically, the recalculated energy
estimates (Equation 31) exhibit slight reduced coherence, as illustrated in Figure 75 by showing MAE

of 0.28 and RMSE of 0.34.
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Figure 75: Comparison of the energy results by using coefficients of Equation 48 with the energy results
of Cataldi et al. [2025].

The same happened when comparing to the results of Moratto et al. [2026] (Figure 76) in which the

RMSE showed an increase to the value of 0.76.
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Figure 76: Comparison of the energy results by using coefficients of Equation 48 with the energy results
of Moratto et al. [2026].

Nonetheless, seismic moment and moment magnitude values exhibit slightly improved consistency,

specially the moment magnitude, (Figure 77) by showing MAE of 0.12 and RMSE of 0.15.
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Figure 77: Comparison of the moment magnitude results by using coefficients of Equation 49 with the
moment magnitude results of Cataldi et al. [2025].

This improvement can also be seen while comparing to the results of Tarchini et al. [2025] (Figure 78)

and Moratto et al. [2026] (Figure 79). In both of which, the RMSE is showing the value of 0.1.
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Figure 78: Comparison of the moment magnitude results by using coefficients of Equation 49 with the
moment magnitude results of Tarchini et al. [2025].
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Figure 79: Comparison of the moment magnitude results by using coefficients of Equation 49 with the
moment magnitude results of Moratto et al. [2026].
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Root of squared error per sample for both Ez and M, while using Equations 48 and 49 are shown in

Figure 80. The root of squared error per observation for log My becomes narrower and more symmet-

ric, indicating reduced variability and better consistency in moment estimation in comparison to the

condition of not using station correction. This suggests that the correction term effectively accounts for

site effects that influence moment calculations. However, for logE, the root of squared error per sam-

ple appears wider and more irregular than the condition without station correction implying increased

scatter and less stable energy estimates.
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Figure 80: Root of squared error per sample for Eg and M, using coefficients by taking advantage of

station correction term.
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5 DiI1sCcuUSSION

In this chapter, the main findings of the study are interpreted. The goal is to understand what the
results mean, how they compare with previous research, and what they suggest about the methods
used. Different topics are reviewed, and their strengths and weaknesses are discussed. This section also

talks about some unexpected outcomes and considers possible reasons behind them.

5.1 Overview of Methodological Framework

This study has demonstrated the efficiency of GIT in decomposing and quantifying the individual
contributions of seismic source characteristics, propagation path effects, and local site responses from
recorded ground motions. By applying GIT to a regional dataset, the research underscores its robustness
in extracting meaningful physical parameters from seismic waveforms and their spectra. The ability of
GIT to isolate source, path and site terms is particularly valuable in regions with heterogeneous geolog-

ical conditions, where traditional parametric models may fail in capturing localized anomalies.

A key methodological insight from this work is the comparative performance of different GIT configu-
rations. According to Figures 15, 16, the results of 1-step GIT with predefined attenuation model were
not fully consistent with previous studies which shows that careful attention must be paid to define
attenuation and Q models. On the other hand, the results of 1-step and 2-step methods were really
similar that could be due to the fact that their data, parameters, constraints and resolving problems are
the same. Consequently, slight differences in their performance could be addressed to the performances

of the methods, which shows a really small relative preference of the 2-step method (Figures 18 and 19).

5.2 Magnitude Estimation for Small Events

Estimating seismic moment and moment magnitude for low-magnitude events remains a challenging
topic. Edwards et al. [2010] suggest that the lower threshold for reliable moment magnitude estimation
is approximately M = 3.5, primarily due to limitations in signal-to-noise ratio and spectral resolution
at long periods. Gallo et al. [2014] proposes a slightly more optimistic threshold of M = 3.0 which is

the same opinion as Yen et al. [2024]. However, the current study demonstrates that even for events
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with M < 3, the inversion framework, whether through direct low-frequency spectral amplitude or
coefficient-based estimation, which is from the model, achieves RMS errors below 0.2. This finding
is significant, as it suggests that with careful preprocessing and inversion design, meaningful source

parameters can be extracted from seismic events with small magnitudes.

Kaneko and Shearer [2014] concerned about systematic biases in spectral methods, particularly the
overestimation of seismic moment by approximately 18% for S-waves due to Brune’s spectral function
exaggerating long-period amplitudes. Despite this claim, the results of this study show good agreement

with earlier literature.

Considering the percentage change [Tornqvist et al., 1985] as:

Calculated Value - Reference Value
P t Ch = 100 52
creentage Lhange Reference Value 8 (52)

and calculating this change, value by value, and then averaging, in the case of seismic moment showed
5.7% overestimation suggesting that the adopted inversion strategy effectively implemented spectral

decomposition.

5.3 Reference Station and H/V

One of the most critical methodological decisions in GIT is the selection of the reference station. This
choice has important influences on the inversion results, because it affects the baseline against which
all other site and path effects are measured. The complexity appears from the need to balance multi-
ple factors, including the accuracy of magnitude estimation, local site amplification, path-dependent
attenuation, soil composition, S-wave velocity profiles, and topographic features. Chen et al. [2024]
emphasizes on the statement of Steidl et al. [1996] that uncertainties in reference station characteristics
can significantly affect inversion outputs. This is also agreed by Shible et al. [2022] who claims that the

reference site selection significantly shapes the final results.

While the ideal reference station would be located on hard rock with minimal site amplification, such
conditions are not easy to achieve in every geological setting. To address this, the study explores the
use of horizontal-to-vertical spectral ratios in the data vector for the reference station. Although this

introduces potential bias, it also offers several advantages:

* It integrates prior site information derived from ambient noise or earthquake recordings. This

integration provides a better understanding of the site’s frequency-dependent amplification char-
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acteristics. By using this empirical knowledge in the inversion framework, the model becomes

better equipped.

* It enhances inversion stability when the reference station deviates from the ideal “flat” response.
Therefore, H/V ratios help the inversion by offering a correction through which the reference site’s

response can be interpreted better, thereby the inversion process could be done more securely.

* It enables more realistic modeling in regions lacking suitable rock sites. In many study envi-
ronments it is difficult to access the stations on hard-rock, making it impractical to have robust
reference criteria. By allowing for the inclusion of H/V-derived corrections, researchers can ex-
tend the applicability of GIT to a broader range of geological settings without sacrificing model
integrity. While this introduces some bias, it will provide a more robust and context-sensitive

inversion design that reflects the complexities of real-world seismic environments.

These trade-offs highlight the significant role of H/V in inversion design and suggest that when it is

used wisely, it can improve model robustness without having negative influence on interpretability.

5.4 Parametric vs. Non-Parametric Approaches

The study also touched upon a part of the broader methodological topic between parametric and non-
parametric inversion strategies. Parametric approaches, which rely on predefined models such as Brune’s
source spectrum, offer stability in environments with sparse data and facilitate simpler computation.
However, they have the risk of oversimplifying complex source and attenuation behaviors, especially in

geologically heterogeneous regions [Shible et al., 2022, Cataldi et al., 2022].

In contrast, non-parametric methods provide greater flexibility and fewer assumptions, allowing the
data to speak more directly [Shible et al., 2022, Morasca et al., 2025]. However, non-parametric ap-
proaches are more sensitive to data quality and completeness. Gaps in the dataset or irregular station
coverage can introduce instability, and trade-offs at high frequencies, such as those noted by Shible et al.
[2022], Sarao et al. [1998], which can affect the fidelity of the inversion. They also assume the initial
value for attenuation to be unity at reference distance, which may cause inaccuracy if near-source data
are sparse. Nonetheless, Baker [1988] and later, Castro et al. [1990] also claimed that the non-parametric
approaches are more powerful to better achieve attenuation behavior, therefore, they are particularly
more capable of revealing unmodeled features and capturing small variations in source, site and path

effects.

Overall, according to the mentioned studies, the performance of all approaches is often robust when

they appropriately tuned and the assumed functional forms adequately represent the underlying physics.
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Therefore, specially for parametric approaches, it is advantagous to define the required models, spe-

cially the attenuation models, very carefully and accurately.

While the recommendation by Shible et al. [2022] to adopt a non-parametric approach when dense ob-
servational datasets are available will present a more reliable strategy, particularly for enhancing model
flexibility and minimizing assumptions, the findings of the present study suggest a more improved ap-
proach, which is the incorporation of H/V into the data vector. This refinement introduces a form of
structured constraint that, while not shifting the overall methodology to strictly parametric, forces the

inversion process with certain stabilizing characteristics.

This configuration appears to build a productive balance between methodological rigidity and empirical
flexibility. On one hand, the inclusion of H/V ratios serves to regularize the inversion, and mitigating
instability that can appear in purely non-parametric formulations, especially when data coverage is
uneven or site effects are significant. On the other hand, the framework is still taking advantage of
non-parametric modeling, namely, its capacity to capture spatial and spectral heterogeneity without

imposing rigid functional forms or regional assumptions.

The results of this study (Figures 15, 16, 17, 20) therefore support such a constrained modeling phi-
losophy, in which selective use of some constraints (such as H/V ratios) enhances the robustness and
interpretability of the inversion outputs, while preserving the flexibility required to find localized com-

plexities in attenuation behavior.

5.5 Energy Calculation

In this study, Equation 31 selected as the foundational framework for energy estimation, which exhibits
a significant sensitivity to the reliability of the seismic moment and corner frequency input, that is
derived from the GIT. Given that seismic moment is a critical parameter in magnitude and energy
formulations, any uncertainty or bias introduced during its inversion directly propagates into the final
magnitude and energy estimates. Therefore, the fidelity of Equation 31 is fundamentally depend on the

robustness and stability of the inversion algorithm employed.

The results obtained in this study demonstrate that when Equation 31 is used, which is supplied with
source parameters, the resulting estimates are slightly more consistent across events (Figures 43, 44, 58,

59).

However, the inversion process itself is influenced by methodological choices, particularly the inclusion
or exclusion of H/V spectral ratios. These ratios, which often used to enhance stability or constrain site

effects, can significantly change the spectral shape and amplitude, thereby having impact on the mo-
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ment estimation and, by extension, the energy output. The study confirms that variations in site effect
treatment can introduce important differences in the energy estimates, highlighting the need for careful
consideration of spectral preprocessing steps when applying Equation 31 in regional or comparative

analyses.

5.6 Use of Empirical Attenuation Models

The findings of this study reveal a trade-off between methodological accuracy and computational effi-
ciency in the estimation of seismic source parameters. When seismic moment and radiated energy are
derived directly from waveform data, typically through spectral analysis, the moment estimates exhibit
superior accuracy, characterized by lower associated uncertainties. This outcome underscores the ro-
bustness of moment retrieval when is based on spectral inversion, which inherently captures the source

properties more comprehensively (Figure 51).

Conversely, when both parameters are estimated from scaling model coefficients, i.e. within empirical
attenuation models, a technique which is famous for its computational efficiency and suitability for
large datasets, the energy estimates demonstrate a modest advantage over moment estimates in terms
of consistency and relative performance (Figure 61). This suggests that, under certain conditions, energy

may be more flexible to the simplifications, i.e. in attenuation-based modeling.

Overall, the study highlights that while direct waveform-based approaches remain preferred for mo-
ment estimation, empirical-attenuation-based methods offer a pragmatic alternative for energy charac-
terization, especially in rapid-response or large-scale applications where computational resources and

data completeness may be constrained.

Initially, the observed difference between moment and energy estimates was hypothesized to stem from
differences in data (i.e. waveform components) during source parameter derivation. Specifically, ra-
diated S-wave energy is calculated using all three components of ground motion (two horizontal and
one vertical) thereby capturing the seismic energy release from full vectorial components, including the

vertical motion that may be significant in certain source-site configurations.

In contrast, seismic moment is conventionally estimated using only the two horizontal components, pri-
marily due to their more direct sensitivity to shear-wave radiation in typical recordings. This method-
ological distinction was assumed to influence the comparative performance of the two parameters. This
can mean when more components used for energy estimation, it potentially offers a more complete

characterization.

However, the test conducted in this study revealed that the discrepancy may not be attributed to the
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component selection. Comparative analyses using all three components (for moment estimation), in
which magnitude RMSE increased from 0.2 to 0.3, explained that the divergence in performance be-
tween moment and energy estimates still exists even when both parameters are derived from all three
components. This finding suggests that other factors, such as spectral fitting behavior, inversion stabil-
ity, or frequency-dependent sensitivity, may play a more dominant role in shaping the observed differ-

ences, and requires further investigation about the adopted mechanisms.

5.7 Use of Station Correction

The role of station correction in empirical attenuation modeling has been investigated in section "Station
Correction”. In the study which is done by Picozzi et al. [2018a], attenuation functions were derived
without applying station corrections in regression, resulting in R? value of 0.84 for the energy results
and 0.87 for the moment results. Conversely, Spallarossa et al. [2021] incorporated station corrections
into their attenuation models, achieving improved R? value of 0.93 for the energy and 0.92 for the

moment estimates.

In the present study, the implementation of station correction for radiated energy led to a modest in-
crease in the R? value from 0.91 to 0.93, indicating a better fit between observed and predicted values.
However, this improvement was accompanied by an increase in the RMS error from 0.25 to 0.34, sug-
gesting a trade-off between regression strength and residual scattering. For the seismic moment, the
application of station correction resulted in a slight decrease in R? value from 0.95 to 0.94, yet the RMS
error improved significantly, dropping from 0.38 to 0.28. This implies that while the overall variance
explained by the model slightly reduced, the prediction accuracy at individual events improved (Figures

61 and 80).

Furthermore, when moment magnitude was computed from the seismic moment estimates, a similar
trend was observed: the R? value decreased slightly from 0.95 to 0.94, but the RMS error was reduced
from 0.2 to 0.15. These results highlight the gentle impact of station correction, which may affect
regression metrics depending on the source parameter considered. Overall, the findings suggest that
station correction can be beneficial for reducing residual errors, even if its effect on regression strength

is not uniformly positive across all parameters.
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6 CONCLUSION

In conclusion, this study underscores the robustness and ability of the generalized inversion tech-
nique as a powerful tool for seismic source characterization. Through a series of methodological en-
hancements, most notably the implementation of a non-parametric inversion framework (with a very
small preference of 2-step method over 1-step method also without considering predefined attenuation
model) and the use of H/V in inversion procedure which improved the results (Figures 15 to 20), as
well as the strategic selection of reference station (Figure 21), this work achieves improved consistency
and reliability in source parameter estimation. A particularly significant outcome is the successful re-
trieval of seismic moment and magnitude for low-energy events (below My, = 3) with minimal RMS
error, thereby extending the operational threshold of spectral inversion techniques and challenging tra-

ditional magnitude cutoffs.

In order to evaluate the general performance of the GIT, the analysis revealed that under any method-
ological framework for the GIT, well tuning and careful design of the parameters and used models are
important. Moreover, all decomposed components through GIT, namely the source contribution (Figure
22), the site response (Figure 27), and the attenuation characteristics (Figure 30), exhibited consistency

which is showing the reliability of the decomposition methodology.

Furthermore, the dependency of energy calculations through Equation 31 on the GIT’s outputs (i.e. M,
and f,) highlights a critical relationship between the seismic moment and the radiated energy. Specif-
ically, whenever the seismic moment demonstrates stability and accuracy, the corresponding energy

estimations also display coherence.

Beyond methodological improvements, this work establishes empirical relationships based on the seis-
motectonic context of Northeastern Italy, making the possibility of rapid estimation of seismic moment
and radiated energy from waveform parameters (Tables 8 and 9). This region-specific calibration en-
hances the practical utility of spectral inversion, especially for small-magnitude earthquakes that often

escape traditional cataloging thresholds.

Collectively, these findings contribute to a more refined and scalable framework for earthquake source

analysis, with implications for both regional seismic hazard assessment and global seismotectonic stud-
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ies. By bridging theoretical accuracy with empirical validation, this work suggests a basis for future
research aimed at enhancing the resolution, reliability, and interpretability of seismic source parame-

ters across diverse tectonic regimes.

In general, the study demonstrates that not all source parameters are equally stable. In analytical ap-
proaches, seismic moment is generally well constrained, whereas radiated energy and stress drop show
strong sensitivity to methodological choices, particularly for small earthquakes and at higher frequen-
cies. Conversely, while using empirical models, the energy results showed better consistency. Moreover,

using station correction helped seismic moment more than radiated energy.

According to these findings, inversion configuration, attenuation modeling, station selection, and site
effects can significantly influence the results. Consequently, careful optimization of these methodologi-

cal decisions is therefore crucial for obtaining reliable rapid estimates.

6.1 Broader Implications and Future Directions

As Spallarossa et al. [2021] and Morasca et al. [2025] noted, the spreading of dense seismic networks has
enabled the recording of hundreds of thousands of micro-earthquakes, particularly in tectonically active
regions near fault zones. This explosion of data presents both an opportunity and a challenge. GIT offers
a powerful tool for extracting meaningful information from these datasets, but their computational

demands and sensitivity to input parameters necessitate careful design.

In this context, empirical relations, such as the models which are linking waveform parameters to mag-
nitude or energy, can serve as efficient alternatives for rapid analyses. These relations, when calibrated
against robust inversion results, enable large-scale processing of seismic catalogs and facilitate further

studies.

However, the study also talks about some limitations. Noticeable among them is that, as previous stud-
ies mentioned, for small events, due to presence of noises in the waveforms, the calculations faced chal-
lenges because of the reduction in available frequency band. Moreover, some stations showed poor site
characterization. Additionally, the scarcity of reference materials for benchmarking inversion results
poses a challenge for validation. Future work should focus on expanding the dataset, refining reference
station selection criteria, and exploring even machine learning techniques to enhance inversion stability

and interpretability.
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