
Stress Drop and Seismic Efficiency Distributions Over the
Adriatic Indenter (European Southeastern Alps)
L. Cataldi1 , M. Picozzi1 , M. D'Amico2 , P. Morasca3 , D. Bindi4 , V. Poggi1 , G. Costa5,
A. Viganò6 , and D. Spallarossa1,7

1National Institute of Oceanography and Applied Geophysics – OGS, Udine, Italy, 2Istituto Nazionale di Geofisica e di
Vulcanologia (INGV) OE, Catania, Italy, 3Istituto Nazionale di Geofisica e di Vulcanologia (INGV), Milan, Italy, 4GFZ
Helmholtz Centre for Geosciences, Potsdam, Germany, 5MIGe, University of Trieste, Trieste, Italy, 6Servizio Geologico,
Provincia autonoma di Trento, Trento, Italy, 7DISTAV, University of Genoa, Genoa, Italy

Abstract Seismic source parameters, such as seismic moment, stress drop, and radiated energy, are key to
understanding earthquake dynamics and rupture processes. In this study, we apply a non‐parametric
Generalized Inversion Technique (GIT) to characterize the source properties of 735 earthquakes (local
magnitudes 1.65 ≤ ML ≤ 4.55) recorded between 2016 and 2024 in the area of the European Southeastern Alps
characterized by the presence of the Adriatic indenter. The high‐density seismic network coverage in the region
allows for a robust, data‐driven inversion of Fourier amplitude spectra to separate source, path, and site effects.
Our results highlight significant spatial variations in seismic source parameters, revealing distinct mechanical
properties of fault systems. We find a general increase in stress drop with depth and observe deviations from
self‐similar scaling, with apparent stress increasing with event size. The spatial distribution of the Savage‐Wood
efficiency suggests differences in dynamic fault strength, with high‐efficiency events concentrated in the
northeastern Italian Alps and Snežnik Mt. seismic area, respectively located in the Southeastern Alps Western
sector and in the Dinarides seismotectonic domains, while lower‐efficiency events are more common along the
Tolmin‐Idrija and Gemona‐Tarcento fault systems and in the Schio‐Vicenza‐Lessini seismotectonic domain.
These findings provide new constraints on the mechanical behavior of faults in the northeastern Adriatic
indenter section and have implications for seismic hazard assessment and ground motion modeling. The study
underscores the importance of accurate source parameter estimation in improving our understanding of regional
seismotectonic and earthquake generation processes.

Plain Language Summary In seismology, earthquake sources can be described using parameters
related to the fault size, its rupture process, and the released energy. Studying the spatial distribution of these
parameters allows us to identify the differences in the properties of the Earth's crust, such as rigidity and pore
pressure. This is especially important in areas characterized by complex seismotectonic conditions. Here, we
focus on a region with such characteristics, the Adriatic indenter, where the recent increase in the number of
seismic monitoring stations has granted a large volume of high‐quality data. We analyze 735 earthquakes that
occurred in the area between 2016 and 2024 and estimate their source parameters by fitting the source spectra
obtained from nonparametric inversion. We evaluate the spatial patterns in the distribution of the stress drop and
seismic efficiency parameters, which are especially informative of the mechanics of faulting. We find that high‐
efficiency events are more concentrated in the northeastern Italian Alps and in the Snežnik Mt. area in Slovenia,
while the Schio‐Vicenza‐Lessini seismotectonic domain is characterized by low seismic efficiency. We observe
significant spatial variations revealing distinct mechanical properties of the fault systems that populate the
region and suggesting the existence of differences in their dynamic strength.

1. Introduction
Seismic source parameters play a central role in advancing our understanding of earthquake dynamics and fault
mechanics.

Their monitoring is essential for characterizing fault behavior and understanding the physical processes that
govern fault slip and those leading to the generation of large earthquakes (e.g., Durand et al., 2020; Picozzi
et al., 2019, 2022, 2023; Wang et al., 2019). These parameters, including seismic moment, stress drop, and
seismic radiated energy, reveal critical information about the size, dynamics, and energy budget of seismic events.
For example, seismic moment provides a measure of the total energy released during a rupture, while the corner
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frequency reflects the rupture's spatial extent and temporal characteristics. Stress drop, which quantifies the
decrease in shear stress on the fault during an earthquake, is a key parameter for understanding fault mechanics
and rupture dynamics.

Accurate estimation of seismic source parameters is crucial not only for understanding the physics of past
earthquakes but also for improving predictive models of ground shaking, which are fundamental for seismic
hazard assessments and engineering design. Studies have increasingly emphasized the link between high‐
frequency ground shaking variability and source properties, such as stress drop, underscoring the importance
of precise parameter estimation (e.g., Baltay et al., 2019; Bindi et al., 2019, 2023b; Oth et al., 2017).

Isolating the contribution of source properties from far‐field seismic recordings remains a significant challenge.
Reliable estimates of source parameters require assumptions about poorly constrained propagation effects,
including near‐surface site conditions. Propagation, site amplification, and source–path interactions can strongly
distort the source signal (Abercrombie, 1995; Bindi et al., 2020; Hough, 1996; Shearer et al., 2019). Interpreting
source spectra further depends on specific modeling frameworks, since many source parameters, such as stress
drop, are not directly observable (Boatwright, 1980; Brune, 1970; Madariaga, 1976). As a result, the derived
values are inherently influenced by assumptions regarding wave propagation (Bindi, Picozzi, et al., 2025; Chang
et al., 2025; Shearer et al., 2024) and fitting procedures (Cochran et al., 2024). These model assumptions must be
physically justifiable and explicitly accounted for when interpreting the results.

The accurate determination of source parameters was the focus of the recent community stress‐drop validation
initiative (Baltay et al., 2024). This benchmark study provided the occasion to compare results obtained using
different approaches over the same data set by examining the consistency of stress‐drop estimates for the
Ridgecrest sequence in southern California. Results of this community initiative are reported in a special issue
(“Improving Measurements of Earthquake Source Parameters,” see Baltay et al., 2025). Therein, among many,
Cochran et al. (2024) highlighted that spectral source parameter estimates can vary depending on spectral
sampling, spectral model, and misfit criteria. Other studies have highlighted the importance of processing and
modeling assumptions, as these can introduce biases that affect the final results (Bindi et al., 2023a, 2023b). The
initiative also assessed how variations in modeling assumptions, treatment of propagation effects, and inversion
strategies influence the inferred parameters and their scaling with earthquake size (Abercrombie et al., 2025). The
scaling of source parameters with event size remains one of the most debated issues in earthquake source studies.
The self‐similarity hypothesis, first proposed by Aki (1967), predicts that stress drop remains constant, inde-
pendent of magnitude. Support for this regime has been reported in large data sets spanning a range of tectonic
environments (Shearer et al., 2006). However, analyses of individual seismic sequences frequently suggest
systematic increases in stress drop with magnitude. Such behavior has been observed in central Italy for the
1997–1998 Colfiorito sequence (Malagnini et al., 2008), the 2009 L'Aquila sequence (Pacor et al., 2016), and the
2016–2017 Amatrice sequence (Kemna et al., 2021; Morasca et al., 2019). More recent work confirms similar
trends in both the L'Aquila and Amatrice sequences (Morasca et al., 2022). Broader compilations of studies
dedicated to assessing stress drop trends across different ranges of magnitude and different tectonic settings, using
diverse methodologies, are provided in Cocco et al. (2016) and Baltay et al. (2024).

Over the decades, several methodologies have been developed to isolate the contribution of seismic source pa-
rameters from earthquake recordings, each method being characterized by strengths and limitations. Main ap-
proaches include:

1. Deconvolution Using Empirical Green's Functions (EGFs). With this technique, recordings from smaller, co‐
located earthquakes are used as proxies for path and site effects, allowing the isolation of the source contri-
bution from larger events. It has been applied in both the time and frequency domains (e.g., Abercrombie, 2021;
Mori & Frankel, 1990).

2. Coda Envelope Decay Modeling, which exploits the decay of seismic coda waves to infer source properties
while minimizing the influence of path and site effects. It is particularly effective for regions with complex
wave propagation (e.g., Mayeda et al., 2003; Shelly et al., 2021).

3. Generalized Inversion Technique (GIT), a robust method for jointly inverting Fourier amplitude spectra to
separate source, path attenuation, and site amplification effects. GIT has been extensively used and refined
since its introduction in the 1980s (e.g., among many Andrews, 1986; Bindi, Spallarossa, et al., 2025; Castro
et al., 1990; Oth et al., 2011; Picozzi et al., 2017).
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Each of these approaches addresses specific challenges in source parameter estimation, with their applicability
largely determined by the quality and density of seismic data and the complexity of the tectonic setting.

The GIT, which we used in this work, is a technique that can be implemented using either parametric or non‐
parametric approaches, each suited to different data sets and objectives:

1. Parametric approach assumes a predefined functional form for attenuation with distance, which reduces the
number of free parameters and simplifies the inversion process (e.g., Cataldi et al., 2023; Drouet et al., 2008;
Zollo et al., 2014). While stable in cases of limited data coverage, the parametric approach is less effective in
regions with complex geological settings.

2. Non‐parametric approach, which is based on a data‐driven strategy that avoids strong assumptions about
functional forms, allowing for greater flexibility in modeling source, path, and site effects (e.g., Bindi
et al., 2020; Oth et al., 2011; Wang et al., 2019). The non‐parametric approach requires dense data coverage to
ensure robustness but is well‐suited to regions monitored by modern, high‐density seismic networks.

The choice of GIT implementation—parametric or non‐parametric—is influenced by data set characteristics and
regional complexity. GIT has undergone continuous refinement, making it highly versatile and widely applicable.
Recent developments in open‐source software have further increased the accessibility and standardization of GIT.
Furthermore, recent advances in dense seismic networks have further enhanced the precision and reliability of
GIT, enabling detailed studies of small to moderate earthquakes. GIT thus became an indispensable tool for
seismic source characterization, seismic hazard assessment, and earthquake engineering applications, and
computational tools such as GITANES (Klin et al., 2018) and GITpy (D'Amico et al., 2024, 2025) have been
developed to facilitate the implementation of both parametric and non‐parametric approaches.

In this work, we apply the GITpy software to analyze data recorded in Northeastern Italy, which is a region
characterized by a complex seismotectonic resulting from the interaction between the Eurasian and Adriatic
microplates (the so‐called Adriatic indenter; Bressan et al., 2003; Massironi et al., 2006; Reiter et al., 2018;
Viganò et al., 2015). The area encompasses a variety of tectonic styles, including compressive faults, extensional
structures and strike‐slip systems, which collectively accommodate the ongoing deformation (e.g., Serpelloni
et al., 2016). In the following, we adopt the same subdivision into main seismotectonic domains of interest for the
study area as reported in Villani et al. (2024): BJO, Brenner‐Jaufen Oetzal; CSA‐MG, Central‐Southern Alps and
Meran‐Giudicarie; DI, Dolomites Indenter; DIN, Dinarides; EOA, Engandine‐Ortles Alps; ESEA, External
Southeastern Alps; SEAE, Southeastern Alps (eastern sector), SEAW, Southeastern Alps (western sector); SVL,
Schio‐Vicenza‐Lessini; TW, Tauern Window. This region has a history of moderate to strong seismicity and
understanding its seismotectonic framework is critical for seismic hazard assessment and risk mitigation. Among
many historical larger earthquakes that struck the North‐Eastern Italy, we note the “1117 Verona Earthquake”
(moment magnitude Mw 6.8) in the Venetian plain (Guidoboni et al., 2005), the “1046 Middle Adige Valley
Earthquake” (Mw 6.0) along the Schio‐Vicenza fault system (Guidoboni et al., 2019; Viganò et al., 2018), the
“1695 Asolo Earthquake” (Mw 6.5) along the southernmost alpine fronts (Guidoboni et al., 2019), the “1511
Idrija Earthquake” (Mw ∼6.8) linked to the Dinaric strike‐slip fault system (Fitzko et al., 2005), and the more
recent “1976 Friuli Earthquake” (Mw 6.5), a devastating event caused by thrust faulting along the southern Alps
front, resulting in extensive damage and loss of life (Cipar, 1980; Slejko et al., 1999). An overview of the largest
historical earthquakes for the region, as reported in the Italian Parametric Earthquake Catalogue (CPTI15; Rovida
et al., 2020, 2022), is shown in Figure 1d.

In recent years, during the seismic monitoring performed by the Seismological Research Center of the National
Institute of Oceanography and Applied Geophysics – OGS (Bragato et al., 2021; Sandron et al., 2023), we have
observed a seismicity dominated by events of magnitude <4.5, often occurring along the southern Alps thrust
front and secondary structures (Bressan et al., 2003; Pondrelli et al., 2006; Viganò et al., 2008). These smaller
events provide valuable insights into fault behavior and stress redistribution in the region.

We focus our study on the seismicity recorded during the last decade, when the seismic networks in the area have
reached a stable configuration and high density of stations.

So far, no comprehensive analysis of the source characteristics for the recorded seismicity at regional level has
been made available yet. Previous studies on the same region (e.g., Castro et al., 1996 [CAS96]; Malagnini
et al., 2002 [MAL02]; Franceschina et al., 2006 [FRA06]; Restivo et al., 2006 [RES06]; Klin et al., 2021 [KLI21];
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Cataldi et al., 2023 [CAT23]) focused on data sets reduced with respect to the one considered here both in terms of
number of events and of stations.

We present the seismic source characterization results for 735 seismic events (in the local magnitude range
1.65 < ML < 4.55) recorded by 172 stations in the time period 2016–2024, with over 20,000 spectral amplitude
values associated with each frequency in the range 1.2–25 Hz (Figures 1a and 1b).

By extending the data set to the whole European Southeastern Alps area characterized by the presence of the
Adriatic indenter, our aim is to study the spatial distribution of source parameters to highlight the possible ex-
istence of fault segmentation and heterogeneities.

2. Data Set
The initial pool of events included 13,568 earthquakes available from the OGS bulletin (https://www.crs.inogs.it/
bollettino_new/; see Open Research section) for the time period 2016–2024, selecting all available records within
an epicentral distance of 120 km, sampled at 100 Hz.

This work represents the first attempt in this zone to jointly use all accelerometric and velocimetric data available
from the seismic networks monitoring the area, both permanent and temporary. This allows to considerably
expand the data set with respect to the aforementioned studies focused on the same region (e.g., CAS96, MAL02,
FRA06, CAT23), both in terms of number of events and of stations; the list of used stations is available in the data
repository (see Open Research and References sections).

Figure 1. (a) Distribution of earthquakes colored per hypocentral depth. (b) Distribution of seismic stations colored per
network code (see Table 1 for the list of networks). (c) The main seismotectonic domains of interest for the study area. They
are, as reported in Villani et al. (2024): BJO, Brenner‐Jaufen Oetzal; CSA‐MG, Central‐Southern Alps and Meran‐
Giudicarie; DI, Dolomites Indenter; DIN, Dinarides; EOA, Engandine‐Ortles Alps; ESEA, External Southeastern Alps;
SEAE, Southeastern Alps (eastern sector), SEAW Southeastern Alps (western sector); SVL, Schio‐Vicenza‐Lessini; TW,
Tauern Window. The approximate position of the Adriatic indenter, as reported in Massironi et al. (2006), is represented as
dashed red line. (d) Historical seismicity for the area for all events with magnitude above 5 in the time range 1000–2020,
taken from the Italian Parametric Earthquake Catalogue (CPTI15; Rovida et al., 2020, 2022).
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Accurate preliminary data selection and processing were performed on this preliminary set of events. In
particular, the pre‐processing consists of:

1. Instrumental correction and automated picks using the procedure proposed by Scafidi et al. (2019).
2. Event re‐location using the NonLinLoc software (Lomax et al., 2000).
3. Local magnitude ML computation by averaging the station magnitude estimates and considering the zero‐

magnitude attenuation model calibrated by Di Bona (2016) for Italy, but without applying station correc-
tions, to have homogeneous estimates of the magnitude size for all events.

For locating the earthquakes, we used the same 1D regional velocity model (Riggio & Russi, 1984) as in the OGS
localizations, which allows us to interpret the inversion results in the light of the well‐constrained focal depth
parameters. The resulting depth values are comparable with those reported by the OGS and Istituto Nazionale di
Geofisica e Vulcanologia (INGV) bulletins. Uncertainties in event locations are mostly within 2 km horizontally
(Erh) and 3 km vertically (Erz) (Figure S1 in Supporting Information S1).

For each selected recording, the vectorial composition of the Fourier amplitude spectrum (FAS) of the two
horizontal components is computed for 98 frequency values between 0.05 and 47 Hz on the S‐wave time window,
and smoothed using the Konno and Ohmachi (1998) algorithm (b = 40). The time window itself is selected based
on the fraction of cumulated energy (i.e., 90% for data recorded within an hypocentral distance of 25 km; 80% for
distances between 25 and 50 km and 70% for larger distances; cf. Pacor et al., 2016), with a minimum duration of
4 s and a maximum duration of 20 s. As it emerges from the aforementioned studies, this is a consolidated strategy
that allows to obtain high quality data. The reason for choosing a variable length based on cumulative energy is
the need to ensure a sufficiently long time window for the larger events, to avoid the bias effects observed in Bindi
et al. (2023b). The applied variable length criterion also takes into account the hypocentral distance, in order to
strike a balance between ensuring a sufficiently long time window for larger events and avoiding the inclusion of
surface waves at larger hypocentral distances for smaller events.

A subset of data has then been extracted from the preliminary data set based on the following quality criteria:

1. Events localized using at least 12 seismic phases (P and S picks);
2. Events with ML ≥ 1.0;
3. Events with Erh ≤ 3 km and Erz ≤ 5 km;
4. Events with azimuthal gap less than 200°;
5. Fourier spectra having at least 60% of points that satisfy the condition SNR (signal‐to‐noise ratio) ≥ 2.5 (equal

for all frequencies)
6. Events recorded by a minimum of 8 stations and stations having at least 8 records

The final selected data set consists of 1191 seismic events recorded by 172 stations belonging to different net-
works (Figure 1), with as many as 22,130 available spectral amplitudes at the most sampled frequencies. The
number of available spectral amplitudes varies with the frequency, due to the chosen constraint on SNR and to the
variable window lengths. Even so, the good data coverage allows to select the wide frequency range of 0.1–47 Hz
for the subsequent analyses, as the corresponding number of available spectral amplitudes is 6607 and 7114
respectively. All frequencies in the range 1.3–25 Hz have more than 20,000 associated available amplitudes.

The main characteristics of the selected data set are summarized in Figure 2, in terms of distribution of the number
of records with respect to focal depth, hypocentral distance and ML. Most data comes from shallow events
(hypocentral depth shallower than 20 km) with low magnitude (ML between 1 and 3). The selected data set
provides an excellent spatial coverage up to 120 km, as evidenced by the magnitude‐distance distribution
(Figure 2d) and by the ray path map (Figure 1b). Moreover, the data set is characterized by good quality scores in
terms of Erh, Erz, azimuthal gap and number of phases used in each localization (cf. Figure S1 in Supporting
Information S1).

3. Method
In a first step, we adopt the non‐parametric, data‐driven GIT for extracting empirical functions describing the
source, the site response and the attenuation from FAS (Castro et al., 1990). Then, in a second step, we invert the
empirical source spectra and the empirical attenuation curves to estimate the source parameters (i.e., corner
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frequency (fc), seismic moment (M0), radiated energy of the Brune source model (ES), Brune, 1970), and the
parameters describing the crustal attenuation (i.e., geometrical spreading (n) and quality factor (Q)).

In the GIT analysis the main assumption is that the S‐wave FAS, U, can be modeled in log domain as linear
combination of acceleration source spectra, S, spectral attenuation with distance, A, and site response Z:

log10Uij (f , rij) = log10Si( f ) + log10A(f , rij) + log10Zj( f ), (1)

where i and j indicate the ith earthquake and the jth station, respectively, f the frequency and rij the hypocentral
distance.

The inversion is performed on the acceleration FAS using the software GITpy (D'Amico et al., 2024, 2025),
which is derived by the GIT implementation proposed by Oth et al. (2011), employs a non‐parametric one‐step
scheme and is designed with an object‐oriented structure, allowing for community contributions and continuous
refinement. For each frequency, the inversion has been performed in a least‐square sense (Paige & Saun-
ders, 1982). Based on the data set characteristics, the hypocentral distance range from 5 to 120 km has been
discretized into 60 bins, each 2 km wide.

Non‐parametric GIT does not make a priori assumptions on the functional form of the attenuation, site and source
operators; regardless, two unresolved degrees of freedom affecting Equation 1 must be removed by adding some
constraints. Following a consolidated strategy in GIT studies, we adopted the following: (a) for all frequencies,
the attenuation operator is set to 1 at a reference hypocentral distance, here set to r0 = 10 km; (b) to eliminate the
linear dependence between the source and site terms, the average site amplification of a set of selected reference
stations is constrained using a numerical amplification model. The value of r0 was chosen based on the distri-
bution of the hypocentral distances in the data set (Figure 2b), as the data points at hypocentral distances lower
than 10 km are sparse. Furthermore, we require that the attenuation smoothly varies with distance. We refer to the
original work of Castro et al. (1990) for details on the implementation of these constraints.

Concerning the reference station selection, most of the considered stations lack near‐surface shear‐wave velocity
profiles and consequently also a standard classification based on international standards adopted in building code

Figure 2. Histograms showing the distribution of data with respect to: (a) hypocentral depth, (b) hypocentral distance, and
(c) magnitude. (d) Density plot of the data distribution with respect to hypocentral distance and magnitude.
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provisions (e.g., Eurocode 8; CEN, 2006). For some networks an alternative classification is available through
dedicated studies (e.g., KLI21 for OX, Cultrera et al., 2022 for IV and MN), helping in the definition of a
reference site amplification. We have performed tests with different sets of candidate stations with spectral
characteristics compatible with those of a reference site following the previous studies in the area (RES06, KLI21)
and eventually settled on the methodology proposed by Bindi and Kotha (2020). The resulting set of 12 reference
stations (IV.PTCC, MN.TUE, NI.PURA, OE.MYKA, OE.SOKA, OX.BAD, OX.CIMO, OX.CSM, OX.FUSE,
OX.MLN, OX.PRED, ST.PANI) has an almost flat amplification with amplitudes within a factor 2 from their
ensemble average. The selected stations belonging to the OX network are among those identified as having
neutral or deamplifying site response in KLI21. The remaining stations are categorized as either EC‐8 A or EC‐8B
soil class in the Engineering Strong Motion Database (Luzi et al., 2020). All reference stations were also checked
for possible vertical amplifications by running a preliminary GIT inversion on the vertical component, finding
none, and compared with earthquake H/V curves available from the STATION service (Tarchini et al., 2024;
Figure S2 in Supporting Information S1).

Regarding the numerical amplification model used to constrain the average amplification of the reference sta-
tions, a high‐frequency kappa (κ) decay (Andreson & Hough, 1984) was imposed, with a value of κ = 0.02 s.
This value was chosen to produce source spectra that, on average, are consistent with the Brune model (see also
the consistency checks performed on a subset of events with ML ≥ 2.5, reported in Figure S3 of Supporting
Information S1).

4. Results for Nonparametric GIT Inversion: Path and Site Functions
The non‐parametric GIT procedure splits the FAS into source, propagation and site terms which are not yet
described in terms of a seismological model. Source spectra and site amplifications are represented by generic
vectors, while the propagation term is described by a matrix which contains the variability of the spectral am-
plitudes with frequency and hypocentral distance. Before analyzing the results of the non‐parametric inversion,
the goodness of fit of the non‐parametric curves was checked by computing the residual distributions (see Figure
S4 in Supporting Information S1). The residuals, computed as the difference between observed and predicted
spectral values, do not show any trend with frequency, and they have mean close to zero with standard deviations
of about 0.2.

The resulting non‐parametric attenuation functions obtained at different frequencies as a function of distance are
reported in Figure 3a. They are characterized by an evident dependency on frequency and show an overall
monotonical decrease with distance at a rate that increases with frequency. We performed a residual analysis to
verify the possible presence of biases introduced by the use of a path correction independent of source depth in our

Figure 3. (a) Attenuation‐distance curves obtained from the nonparametric inversion (colored lines); the geometrical
spreading, 1/R, and the 1/R2 trend are also plotted (black continuous and dot‐dashed lines, respectively). (b) Empirical
acceleration source spectra (colored per ML). The spectra of a few events with different magnitudes are highlighted in bold.
The frequency thresholds subsequently used for spectral fitting (cf. Table 2) are shown as vertical dotted lines, with color
corresponding to the minimum magnitude for which they are applied.
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non‐parametric attenuation functions. We thus analysed the distribution of the attenuation values obtained by
correcting each observed FAS for the matching site and source non‐parametric GIT functions, against the cor-
responding non‐parametric GIT attenuation curve, at a set of selected frequencies. Even with the obvious limi-
tation of high‐depth events only being recorded at higher hypocentral distances, no bias whatsoever as a function
of hypocentral depth emerges from the residual distributions (cf. Figure S5 in Supporting Information S1).

Overall, the non‐parametric GIT attenuation functions tend to align along the 1/r2 trend, and distinctly far from the
commonly assumed 1/r trend, reflecting the underlying behavior of the geometrical spreading (cf. Figure S6 and
Text S1 in Supporting Information S1 for a description of the spectral attenuation curves based on a standard
parametric model of geometrical spreading and anelastic attenuation). The same trend was observed in other
studies both in Italy and in other regions (e.g., among many, Cantore et al., 2011 in Irpinia; Pacor et al., 2016 in
central Italy). As discussed in Yenier and Atkinson (2015) and in Pacor et al. (2016), the geometrical spreading at
close distances is often assumed to follow a 1/r trend based on homogeneous whole space approximation.
However, since real propagation media are far from homogeneous, it is common to observe faster spreading at
short and intermediate distances, and numerical simulations in typical layered earth models have also confirmed
that the distance decay in the epicentral area can be described by geometrical spreading with exponent greater than
1 (Chapman & Godbee, 2012; Frankel, 1991). In our case, using a tri‐linear geometrical spreading model (Text S1
and Figure S6 in Supporting Information S1), we obtained an exponent of n1 = 1.77 for distances R < 40 km.

Figure 3b shows the resulting non‐parametric source spectra (colored per magnitude). It can be observed how the
spectral shape changes depending on the magnitude, which particularly affects the lowest frequency for which the
SNR condition is met. To take into account this effect, the frequency bandwidth used in the subsequent fitting
(Table 2) is selected magnitude‐wise based on visual inspection of the source spectra in the displacement domain,
as shown in the Supporting Information (Figure S7 in Supporting Information S1).

Regarding the site response functions obtained from the non‐parametric GIT inversion, we show a representative
subset of results in Figure 4. A complete visualization of all site functions is available in the Supporting Infor-
mation (Figure S8 in Supporting Information S1). The authors direct readers to studies specifically focused on site
effect estimation in the region (RES06, KLI21) for a detailed description and analysis of individual cases, which
lies beyond the scope of this study.

Table 1
List of Used Seismic Networks and Number of Associated Stations Used in This Study

Code # Of used stations Network description

CH 11 Switzerland Seismological Network, operated by Eidgendssisch Technische Hochschule ‐
Swiss Seismological Service (ETH)

IT 6 Italian Strong Motion Network, operated by Presidency of Counsil of Ministers ‐ Civil
Protection Department (PCM ‐ DPC), Italy

IV 37 Italian National Seismic Network, operated by Istituto Nazionale di Geofisica e Vulcanologia
(INGV)

MN 2 Mediterranean Very Broadband Seismographic Network, operated by ING

NI 5 North‐East Italy Broadband Network, operated by Istituto Nazionale di Oceanografia e di
Geofisica Sperimentale (OGS) and University of Trieste (UniTS)

OE 11 Austrian Seismic Network, operated by Zentralanstalt für Meterologie und Geodynamik
(ZAMG)

OX 39 North‐East Italy Seismic Network, operated by OGS

RF 14 Friuli Venezia Giulia Accelerometric Network, operated by UniTS

SI 7 Province Südtirol network, operated by ZAMG

SL 22 Seismic Network of the Republic of Slovenia, operated by Slovenian Environment Agency
(ARSO)

ST 8 Trentino Seismic Network, operated by Geological Survey‐Provincia Autonoma di Trento

Z3 4 AlpArray, operated by ETH

ZO 6 Dynamic Planet (PD) multiparametric Northern Italy seismic network, operated by INGV

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034840
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Our site response results are in very good agreement, within uncertainty, with
independent estimates from the literature (Figure 4), especially those of
KLI21, who applied a GIT inversion specifically designed to estimate site
effects in the same area. The comparison shows that our site response function
agrees well with KLI21 in terms of fundamental frequency, although our
results tend to yield lower amplification values. This effect can be attributed
to differences in the reference amplification conditions. To assess the impact
of the assumed reference condition, the GIT curves can be scaled by the
average reference site amplification (cf. Figure S9 in Supporting Informa-
tion S1). In some cases (AGOR, MTLO) the results are consistent in terms of
both the amplification level and the fundamental frequency. The same holds
true for the vertical amplification curves (dashed lines in Figure 4). For a

limited set of stations (e.g., GORI, PURA, STOL in Figure 4) not included in the KLI21 data set, the results are
verified against the parametric inversion curves of CAT23, finding a good agreement within the associated
uncertainties.

Table 2
Frequency Range Limits Used to Perform the Apparent Source Fitting for
Different Magnitude Ranges

ML range fmin [Hz] fmax [Hz]

1.5–2.0 3.0 40.0

2.0–2.5 2.0 40.0

2.5–3.0 1.5 40.0

3.0–3.5 1.0 40.0

≥3.5 0.8 40.0

Figure 4. Example of nonparametric site response functions, both horizontal (solid lines) and vertical (dashed lines). The
earthquake H/V curves from STATION service (EHV) are reported in gray for comparison. Where available, the
corresponding curves reported in KLI21 and CAT23 are also shown for comparison. The shaded areas represent the standard
error, where available.
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For completeness, the GIT site functions are also compared with the earthquake H/V ratios (EHV) available from
the STATION service (Tarchini et al., 2024), showing that the two estimates are on average in good agreement.
This finding is consistent with previous observations (e.g., Parolai et al., 2004). A more detailed analysis of the
GIT site functions, however, is beyond the scope of this paper.

Overall, considering the good agreement with the available KLI21 curves, the site functions derived from GIT are
also suitable for being used in stochastic simulations, such as generating synthetic seismograms at a given station.
However, as discussed before, it is important to note that all GIT results, especially site transfer functions, are
inherently influenced by the a priori assumptions made on the reference sites. In this study, using a set of stations
selected on the basis of the regional average (with site functions provided in the data repository; cf. Availability
Statement and References sections) helps to mitigate the bias that would arise from relying on a single, poorly
constrained station.

5. Source Parameter Estimates From GIT‐Derived Source Spectra
Here, we focus on a posteriori fitting of the source functions to obtain seismic parameter estimates. A brief
overview of the fitting of the non‐parametric attenuation functions is also provided in the Supporting Information.

The source spectra terms S( f ) are fitted to the omega‐square source model (Brune, 1970) to estimate the seismic
moment M0 and the corner frequency fc:

S( f ) = Ω0
(2πf )2

1 + (
f
fc
)
2 (2)

Ω0 =
Rϑφ FV
4πρβ3r0

M0 (3)

where Rϑφ = 0.55 is the average radiation pattern for S waves (Boore & Boatwright, 1984), F = 2 is the free‐
surface amplification factor, and V = 1 is the energy partition factor, set to unitary as the inversion is performed
on the vectorial composition of the two horizontal components. We use the same reference distance r0 = 10 km
as in the attenuation inversion. To correctly catch the possible dependency of the results on the focal depth,
instead of using a single average value of S‐wave velocity (β) and soil density (ρ) for all the earthquakes, we
associate the β and ρ estimates extracted from a simplified 1‐D version of the Magrin and Rossi (2020; hereby,
MR20) model to each source. The used velocity model is available in the data repository (see Availability
Statement and References sections).

The GIT decomposition yields a source spectrum for each event that fits all recordings at different stations in a
least‐squares sense. Consistent with previous studies (e.g., Bindi et al., 2020; Morasca et al., 2022; Pacor
et al., 2016), the non‐parametric GIT source spectra reproduce the median of the apparent source spectra, obtained
by correcting each recording for site amplification and spectral attenuation as determined by GIT. Due to the good
azimuthal coverage and the requirement of at least eight stations per event, potential directivity effects are
assumed to average out (Pacor et al., 2016), thereby enabling robust estimates of corner frequency and seismic
moment.

The constraint used for the reference site condition (i.e., κ = 0.02 s) was selected in such a way that, on average,
the source shows a flat acceleration spectrum (Oth & Kaiser, 2014; Pacor et al., 2016). To check for possible
deviations from a flat acceleration spectrum at high frequencies for each event, we evaluate the slope (referred to
as source‐kappa) of the non‐parametric source spectra in scale semi‐log above 10 Hz. This is similar to Andreson
and Hough's (1984) approach for kappa, but applied to the non‐parametric GIT source spectra. The resulting
values of the source‐kappa are normally distributed with mean κS = 0.000 ± 0.007 s, confirming that on
average the source spectra are not affected by the high‐frequency decay effect. Individual spectra might still show
limited effects at high frequencies, such as in the case of smaller earthquakes with corner frequencies near the
upper considered frequency range, or large events with source spectral shape deviating from the omega‐
square one.
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We determine the corner frequency and seismic moment for each event by fitting the Brune model (Equation 2) to
the non‐parametric source spectra, converted to displacement. The only constraints applied to the fit are that M0
be positive and fc be in the 0–100 Hz range, to avoid any dependency of the results on a limitation of the solution
space. As mentioned in Section 4, different frequency bandwidths are adopted for different magnitude ranges,
chosen through visual inspection of the inverted non‐parametric source curves to ensure a high signal‐to‐noise
ratio over the relevant frequency range. To anchor the seismic moments to a reference seismic catalog, we
follow the procedure of Bindi, Spallarossa, et al. (2025), using the INGV moment magnitudes (ISIDe Working
Group, 2007; https://terremoti.ingv.it/). The average difference between the inverted moments and the catalog
values, calculated over a subset of events with Mw > 3.2, is applied as a systematic correction by shifting all
source spectra accordingly.

The full list of source parameters for the 735 events for which the fit converged is available in the data repository
(see Availability Statement and References sections). The data set is composed of shallow events with local
magnitude ranging between ML 1.65 and ML 4.55; corresponding seismic moments range between
2.1 × 1011 Nm and 2.7 × 1015 Nm and corner frequencies between 0.57 Hz and 28.27 Hz. The range for seismic
moments is compatible with the observations reported in FRA06 and related to regional events with ML < 5 not
exceeding 2 × 1015 Nm.

The agreement between the non‐parametric source spectra and the fitted omega‐squared model is shown in
Figure 5 for a selection of events spanning the considered magnitude range; the frequency band used for each fit is
also shown. The residuals between model‐derived and non‐parametric spectral amplitudes (cf. Figure S10 in
Supporting Information S1) show good overall consistency, with the mean residual remaining close to zero across
the entire frequency range and dispersion increasing only above 20 Hz.

Given the obtained estimates for seismic moment and corner frequency, the Brune stress drop Δσ is computed
assuming a circular rupture of radius r with uniform stress drop (Borok, 1959; Eshelby, 1957; Madariaga, 1976,
1979) as:

Δσ =
7
16

M0

r3 , (4)

r =
kβ
fc

, (5)

where k = 0.37 (Brune, 1970, 1971) and, as described above, the shear wave velocity values β are referred at
hypocentral depth. The estimated stress drop values for all events are reported in the data repository (see Open
Research and References sections), together with the associated variability, which is calculated using error
propagation on the standard errors for M0 and fc. Δσ values range between 0.02 and 9.13 MPa, with a median
value of 0.44 MPa and an average value of 0.72 MPa which matches the estimate provided in FRA06 (0.73 MPa).
The average error calculated with error propagation is 0.07 MPa. Seismic moments are plotted against corner
frequencies in Figure 6, together with theoretical lines of constant Brune stress drop.

Previous studies focused on northeast Italy tend to confirm the source self‐similarity regime hypothesis for the
region (FRA06, CAT23). Following Kanamori and Rivera (2004), we perform a linear fit between the logarithm
of source parameter estimates and compare it to the following parametrization:

M0 ∝ fc− (3+ε), (6)

in which the ε parameter measures the deviation from stress drop self‐similarity (ε = 0 in the case of self‐
similarity, ε < 0 and ε > 0 if the stress drop respectively increases or decreases with event size).

An orthogonal linear regression between log(M0) and log( fc) is performed for the entire data set
(ε = − 0.63 ± 0.14 with 95% confidence interval), as well as for events with hypocentral depths between 5 and
10 km (ε = − 0.35 ± 0.21), between 10 and 15 km (ε = − 0.35 ± 0.22), and for events with depths above
15 km (ε = − 0.18 ± 0.35). Considering the uncertainty associated with the parameter ε, the null hypothesis of
self‐similar scaling can be rejected at 95% confidence level for all but the data subset corresponding to deeper
events. This result suggests an apparent breaking of self‐similarity, with inverse proportionality between stress
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drop and earthquake size, for the whole data set, and for smaller, shallower events in particular. When the
calculated stress drop values are directly compared to seismic moment values (Figure 7) instead of using the
epsilon proxy, a clear increase in their value with increasing event size is evident despite the large scatter. The
regression presented in Figure 7 was produced through a robust linear fit on the binned data set; a piecewise fit
would also be possible, as done for example, in Pacor et al. (2016), but it would not produce a meaningful
difference in the minimization of information loss by the two models (as indicated by the modified Akaike score,
cf. Figure S11 in Supporting Information S1). The larger variability of Δσ for smaller events can be interpreted as
an effect of the higher sensitivity of small ruptures to stress and strength heterogeneities in the focal volume
(Calderoni et al., 2019). As the stress drop estimates are computed using the stratified MR20 velocity model, and
thus it is considered the best estimates for S‐wave velocity and rock density at each hypocentral depth, we expect
them to be more informative than the epsilon proxy, which instead assumes common, average values for those soil
properties. A stress drop scaling effect is also consistent with studies focusing on different areas of the world and
relying on diverse methodologies, which observed larger events such as mainshocks to have higher average stress
drop than smaller events, although favoring a piecewise interpretation rather than a linear one (Baltay et al., 2019;
Boyd et al., 2017). However, the trend noted here should not be extrapolated outside the magnitude range of the

Figure 5. Example of nonparametric source spectra (black lines) and corresponding fitted spectra (blue lines). The fit is
performed over the frequency range depicted in white, while the gray bands represent the unused frequency bands for
each fit.
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underlying data set without further study, as this could lead to unrealistic
predicted values for larger and smaller earthquakes (Abercrombie & Bal-
tay, 2025). In fact, the observational limit of the data set depends on the
combination of magnitude and frequency bandwidths; possibly missing
microseismic events would populate the area represented in gray in Figure 6.
Some studies (Chen et al., 2025; Zhang et al., 2022) found that using a depth‐
dependent attenuation correction could reduce the magnitude‐dependence of
stress drop. These observations must thus be interpreted keeping in mind that
the stress drop values could be somehow overestimated due to the possible
tradeoff between the source and the attenuation components, whose simpli-
fied model does not catch the increase in Q values with depth, as argued by
Abercrombie et al. (2021).

The source parameter results we obtained can be compared to the CAT23
study which focused on roughly the same area; visual representations of the
results regarding the fc, M0 and Δσ parameters are available in the Supporting
Information (Figures S12 and S13 in Supporting Information S1). It should be
noted, however, that a direct comparison is possible only for six events which
are common to the two data sets. For those events, we find the estimates
(reported in Table 3) in good agreement, in particular those of seismic mo-
ments. We find a systematic bias of 0.36 units of Mw on average between the
corresponding moment magnitude estimates, which is a reasonable conse-

quence of the different constraint assumptions and especially of the anchoring of our values to a reference seismic
catalogue. When considering the full data sets, we notice that CAT23 found a higher average stress drop and did
not identify any magnitude scaling. This apparent disagreement with respect to our results can be explained by the
different composition of the data sets, which in CAT23 was much smaller and included mostly higher magnitude
events (74% of the CAT23 events have M ≥ 3).

Along with corner frequency and seismic moment, we also estimate the total radiated seismic energy (ES) and its
uncertainty obtained from source inversion following Ide and Beroza (2001). ES is computed as the integral of the
non‐parametric source spectra, with asymptotical extrapolation to an omega‐square model at low and high fre-
quencies, to mitigate bandwidth effects that could otherwise underestimate the total energy, particularly for lower
magnitudes. Figure 8 shows ES versus M0 values, together with the relationship between their logarithmic values
obtained through linear regression (i.e., log(ES) = − 8.738 + 1.266 log(M0)). The resulting trend agrees with
the value proposed in FRA06 for the same region (log(ES) = − 9.06 + 1.30 log(M0)). Interestingly, the energy‐

to‐moment scaling appears to be consistent across different studies regarding
low‐intermediate magnitude crustal events: Bindi et al. (2020) report 1.31 for
small events in Central Italy, whereas Picozzi et al. (2022) observe a similar
range of slope values not only for events in Central Italy, but also in southern
California and Japan. A visual comparison is provided in the (Figure S14 of
Supporting Information S1).

In turn, ES can be used to compute the apparent stress τa as:

τa =
ρβ2ES

M0
(7)

where ρβ2 is the crustal shear modulus calculated with the values extrapolated
from the MR20 model. The apparent stress is proportional to the ratio be-
tween total radiated seismic energy and the seismic moment, and it corre-
sponds to the radiated energy per unit area per unit slip. Consequently, low
values of τa correspond to events with lower rupture velocity and longer
duration. A systematic increase in apparent stress with moment magnitude is
reported in many studies (e.g., Abercrombie, 1995; Kanamori et al., 1993;
Mayeda & Walter, 1996; Perez‐Campos & Beroza, 2001), and would suggest
a difference in the source properties of small and large earthquakes. The same

Figure 6. Seismic moment M0 and corner frequency fc, colored per
hypocentral depth (dots), and 95% probability confidence limits for the
estimated parameters (horizontal and vertical gray lines, respectively). M0
and fc scaling relation for the whole data set (blue line), for events with
hypocentral depth between 5 and 10 km (purple line), for the range
10–15 km (orange line) and for depth larger than 15 km (red line). Dashed
black lines are theoretical lines of constant Brune stress drop. Gray triangle
represents the area where possibly missing events would locate.

Figure 7. Stress drop, Δσ, versus seismic moment, M0, with values colored
per hypocentral depth, median (red dots), and standard deviation (red lines)
of Δσ computed for bins of M0, and best fitting model (black line).
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trend is also found in our results obtained for the northeast Italy data set, where an increase of the radiated energy
with seismic moment corresponds to an increase in the apparent stress by roughly one order of magnitude (black
dashed lines in Figure 8). However, there is no consensus on this trend, and many other seismological obser-
vations instead found no dependency of source processes from event size. As Beeler et al. (2003) pointed out,
most seismic source models themselves do not theorize an increase in apparent stress with moment; this is also the
case of the Brune source model, in which the apparent stress for S waves is a fixed fraction of the static stress drop.

Before proceeding to discuss our results, it should be noted that all the source parameter estimates we presented
directly depend on the Brune omega‐square assumption, which is most commonly applied and allows our esti-
mates to be more directly comparable to those of other studies. This dependency passes through the corner
frequency estimates, as they are subsequently used for the calculation of other source parameters that directly
(Δσ) or indirectly (ES, τa, ηsw) depend on fc. There is a known tradeoff between fc and the high frequency fall‐off,
or spectral decay. To address this issue, one could try to simultaneously fit the corner frequency and the slope n of
the spectral model, instead of fixing n = 2 like in the Brune assumption. This was done for example, by Neely
et al. (2025), finding that the use of a different spectral decay model modified the observed fc and Δσ distributions
in the results. However, as Trugman and Shearer (2017) stated clearly, this further fitting does not solve the
inherent tradeoff between the stress drop scaling and the spectral decay, which occurs because «the high‐
frequency falloff rate substantially affects the results only well above the corner frequency, a portion of the
spectra, that is, observable only for the larger events». In fact, models with n = 2 and stress drop scaling and
models with n < 2 and stress drop self‐similarity may have a risible difference in misfit, equally explaining the
high frequency content of larger events (see e.g., Figure 9 in Trugman & Shearer, 2017). There is also the un-
derlying issue of the available bandwidth, as the uncertainties in the resolution of the spectral decay are expected

to trade‐off with the ratio of fc to the maximum usable frequency of the
spectrum. We acknowledge that our results are depending on these under-
lying, inherent tradeoffs. In the following section, we follow the energy
balance approach suggested by Beeler et al. (2003) to interpret our results and
discuss a physically based explanation of the seemingly increase of apparent
stress with seismic moment.

6. Discussion: Energy Balance and Seismic Efficiency
When a fault slips, only a limited portion of the total strain energy accumu-
lated during the inter‐seismic period is released as seismic waves, while the
remaining is dissipated through other processes like heat or the creation of
new fractures. Seismic efficiency thus provides insights into the mechanics of
faulting.

Faults characterized by rupture processes with higher seismic efficiency can
release a significant portion of the accumulated strain energy as seismic
waves, leading to stronger ground shaking and potentially destructive
earthquakes. Conversely, faults showing rupture processes with low seismic
efficiency result in less seismic radiation during earthquakes, being more
energy consumed as off‐fault damage or frictional heating.

Figure 8. Radiated energy, Es, versus seismic moment, M0, with data colored
per hypocentral depth, and 95% probability confidence limits for the
estimated parameters (horizontal and vertical gray lines, respectively). The
best fitting model and its associated ±1 standard deviation is shown in red.
Dashed black lines are theoretical lines of constant apparent stress, τa.

Table 3
Comparison Between Source Parameters Obtained in This Study and Those Reported in Cataldi et al. (2023) for a Subset of
Events

fc M0 [Nm] MW fc M0 [Nm] MW fc M0 [Nm] MW

ID 160719223649 ID 160810023805 ID 161222084353
CAT23 9.86 1.78E + 13 2.76 5.49 4.79E + 13 3.05 8.69 1.45E + 13 2.71

This study 10.7 3.89E + 12 2.32 4.72 2.24E + 13 2.83 8.60 4.93E + 12 2.39

ID 170209081408 ID 170323131107 ID 170324174708
CAT23 6.6 2.69E + 14 3.56 11.35 3.98E + 13 3.00 9.63 1.66E + 13 2.74

This study 5.13 1.07E + 14 3.28 9.02 1.04E + 13 2.61 8.94 3.04E + 12 2.25
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Understanding these variations helps in assessing the seismic hazard associated with different faults. However,
since the total energy released cannot be determined by seismological data, it is common practice referring to the
Savage‐Wood ratio, ηsw (Savage & Wood, 1971).

The parameter ηsw is determined as the ratio of apparent stress to the static stress drop:

ηSW =
τa

Δσ
. (8)

The Savage‐Wood ratio can be compared to the overshoot ξ, which measures whether the static stress drop is
smaller (ξ < 0, undershoot) or larger (ξ > 0, overshoot) than the dynamic stress drop (Beeler et al., 2003):

ηSW = 0.5 − ξ, (9)

As Beeler et al. (2003) pointed out, although most dynamic crack models assume a positive overshoot
(e.g., Madariaga, 1976), negative overshoot can be induced in the case of dynamic slip termination due to local
fault healing. The overshoot also measures the dynamic strength relative to the stress level, which can thus be
inferred by analyzing the Savage‐Wood efficiency.

Figure 9a shows ηSW calculated for the 735 earthquakes analyzed in this study versus seismic moment. It is worth
noting that special care was put into obtaining reliable estimates of ηSW, by dealing with the attenuation and
bandwidth limitations that can consistently affect the error on apparent stress. Indeed, as previously mentioned,
the Ide and Beroza (2001) methodology for seismic energy calculation was applied, and all terms contributing to
ηSW are obtained by considering the depth‐dependent soil properties (density and S‐wave velocities, taken from
the MR20 tomographic model). These precautions allow to interpret the resulting ηSW estimates as an indirect
indicator of dynamic fault strength.

Constant overshoot is represented in Figure 9a by straight lines with zero slope. The ηSW values do not show
systematic dependency on seismic moment and have a median value of 0.278, which is consistent with the values
reported in laboratory measurements (e.g., η̂SW = 0.22 in Lockner & Okubo, 1983; cf. Beeler et al., 2003 and
references therein). More specifically, Beeler et al. (2003) proposed the criterion ηSW > 0.3 to infer evidence of
dynamic weakening exceeding that seen in laboratory experiments of stick‐slip faulting and in observations of
stress drop for small, induced earthquakes. The results obtained for our data set are mostly consistent with the lab
ηSW values, which were obtained in dry conditions. However, we highlight a subset of events with shallower focal
depth showing higher Savage‐Wood ratio values, and in some cases even meeting the undershoot condition
(ηSW > 0.5). Undershoot is generally related to a condition of increased dynamic weakening, which might be
caused by shear melting or by pore fluid pressurization with self‐healing rupture (Beeler et al., 2003). In our case,
being rather low the magnitude of the earthquakes showing undershoot (i.e., between Mw ∼1.7 and ∼3.6), we

Figure 9. (a) Savage‐Wood efficiency, ηsw, versus seismic moment, M0, with data colored per hypocentral depth and 95%
probability confidence limits (vertical gray lines); the zero overshoot condition (ξ = 0,ηsw = 0.5, black dashed line) and the
threshold proposed by Beeler et al. (2003) (ξ = 0.2,ηsw = 0.3, solid black line) are reported for comparison. (b) Apparent
stress, τa, versus stress drop, Δσ, with data colored per hypocentral depth, and 95% probability confidence limits for the
estimated parameters (horizontal and vertical gray lines, respectively), best fitting model (red line). Dashed black lines are
theoretical lines of constant efficiency, ηsw, and overshoot, ξ.
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hypothesize the rupture processes with high ηSW being associated with high pore pressure. The increase in pore
pressure by water accumulation in karst systems in Northeastern Italy was discussed by Bragato (2021), even in
relation to its potential in triggering significant seismic events in the region.

To better understand the ηSW results, we take a step back and we analyze the heterogeneity observed in its
components and in the stress drop especially (additional plots of the distribution of stress drop and apparent stress
are reported in Figures S15 and S16 in Supporting Information S1, respectively). We previously noted a trend of
stress drop increasing with magnitude, as observed in Figure 7, and acknowledged the inherent tradeoffs and
possible uncertainties. However, Figure 7 not only displays a large scatter in the stress drop distribution, it also
hints at a dependency of the distribution on hypocentral depth. Such a behavior would be in line with observations
available in literature (e.g., Baltay et al., 2019; Bindi et al., 2023b; Boyd et al., 2017) of an increase of stress drop
with earthquake depth. We thus investigate the relative stress drop to highlight both the variation with depth and
the spatial variation, which can hint for different faults properties. The relative stress drop displayed in Figure 10
is calculated as the ratio between the stress drop obtained from fitted GIT parameters (ΔσGIT, colored points in
Figure 7) and the corresponding theoretical value calculated for the same seismic moment value using the best
fitting model obtained from the distribution itself (Δσregr, black line in Figure 7). Figures 10a and 10b respectively
display the events for which the stress drop value is lower than the theoretical value (ratio <1, 52% of the events)
and equal or higher than the theoretical value (ratio >1, 48% of the events). The respective distributions in terms
of hypocentral depth values (Figure 10c) are in agreement with the observation made on Figure 7 and confirm that
events with Δσ values below the best fit model have on average shallower hypocentral depths than events with Δσ
values above the best fit model. A similar observation is reported in Goertz‐Allmann and Edwards (2014) for
small to medium earthquakes in Switzerland. As for the geographical distribution of the stress drop ratios, we
observe a lower spatial scatter for events with ratios below one, which remain more grouped along the main thrust
systems and in the EOA subregion. At the same time, events with stress drop ratios above one are more spatially
dispersed, with the events with higher ratios and hypocentral depths located both in the southern areas of the

Figure 10. Geographical distribution of the stress drop ratio (dots), calculated as the ratio between values obtained from the
GIT parameters (ΔσGIT) and the corresponding theoretical values calculated using the best fitting model (Δσregr). For better
clarity the results are divided between values below one (blue, Panel a) and above one (red, Panel b). The corresponding
distributions in terms of hypocentral depth are reported in Panel (c). A simplified classification of the seismotectonic domains
based on the predominant stress drop ratio condition is proposed in Panel (d). Domains for which no cluster of events with equal
stress drop ratio existed are colored in white, domains hosting clusters of events with high or low stress drop ratio are colored in
red and blue respectively. Domains hosting both clusters of high and low stress drop ratio events are represented as red and blue
striped areas. The approximate position of the Adriatic indenter, as reported in Massironi et al. (2006), is represented as dashed
red line.
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Veneto plains (ESEA), in the Giudicarie region (CSA_MG) and near the Apennine front (SVL). A simplified
classification of the seismotectonic domains based on the predominant stress drop ratio condition (i.e., condition
displayed by at least 50% of the events in the domain, with a minimum of 20 events) is proposed in Figure 10d. We
make an exception for the classification of the DIN domain, to highlight its peculiarity of hosting almost the same
percentage of positive and negative stress drop ratio events (53% (109 events) and 47% (96 events) respectively).

As discussed byBindi, Spallarossa, et al. (2025) for central and southern Italy, a large lateral variabilitymaymake it
difficult to isolate stress drop trends with depth when considering large areaswith complex tectonics. Ignoring site‐
dependent spectral decay can also result in significant variation in corner frequency estimates among stations with
apparent good fits, as observed by Chang et al. (2025) in the case of single‐spectrum fitting. Therefore, we
acknowledge that the observed increase in stress drop with depth could potentially be influenced by the adopted
spectral attenuation model, particularly by its lack of explicit dependence on earthquake hypocentral depth.
However, it is also important to emphasize that there is no consensus in the literature on whether incorporating a
depth‐dependent Q model would fully explain or significantly reduce the observed trend of increasing stress drop
with depth. This uncertainty arises because the attenuation effect is integrated over the entire path, with the most
significant Q reductions typically occurring near the surface. As a result, accounting for depth‐dependent atten-
uation may not fully compensate for the observed depth‐dependent stress drop patterns, or even generate more
complex trends as shown recently by Bindi, Picozzi, et al. (2025). To support these stress drop pattern findings, we
produce a comparison with a few well recorded events analyzed through spectral ratio. We followed a simplified
procedure using an approach similar to the one of the EGFs deconvolution (cf. Introduction), analyzing the spectral
ratios of the GIT‐derived source spectra. A brief overview of the analysis is provided in the Supporting Information
(Text S2 in Supporting Information S1), and the results are reported in Figure S17 and Table S1 of Supporting
Information S1. The results of this test show different shapes of the spectral ratios for events in the SEAW/SEAE
domains with respect to events in the CSA‐MG and SVL domains, supporting our observation that the stress drop
regime appears to be different in the considered domains. As shown in Figure S17 of Supporting Information S1,
the empirical spectral ratios can also be compared to the theoretical ratios reconstructed from GIT‐derived pa-
rameters. Mismatches can be interpreted as either an underestimation of the corner frequency of small events, or as
a result of the depletion of the high‐frequency spectral level in some larger events in the low stress drop area, where
the spectral shapes deviate from the omega‐square model. A further development would be to fit the spectral ratios
independently in order to estimate the corner frequency and seismic moment values for each pair of events.
However, such an analysis is beyond the scope of this work and would require more systematic research to
investigate whether the omega‐square source assumption could lead to the complexities in the larger events'
spectral shapes being wrongly interpreted as underestimation of the corner frequencies of smaller events.

A similar line of reasoning to that applied to stress drop analysis can be followed in investigating the hetero-
geneities in the seismic efficiency. Again, we take a step back and analyze the τa versus Δσ trend (Figure 9b). In
that plot, lines of constant overshoot (i.e., constant ηsw) are represented as black dashed lines with unitary slope.
The robust fit of data shows a slope lower than one, indicating that, while the apparent stress increases with Δσ,
still the Savage‐Wood efficiency decreases, corresponding to an increment in relative dynamic strength. This
suggests that the larger events in the data set have a deficit in radiated energy, as they actually display low ef-
ficiency and high overshoot. This trend is not unprecedented, and it was extensively observed and analyzed by
Beeler et al. (2003) on the Californian Cajon Pass data by Abercrombie (1995).

Figure 9a also hints at a dependency of ηsw on source depth (see also Figure S18 in Supporting Information S1),
suggesting that apparent stress and stress drop have a different variation with depth. It is worth keeping in mind
that the chosen attenuation modeling might impact on our estimates. As previously discussed, the lack of full
correction for depth‐dependent Q attenuation could possibly produce an artificial increase in stress drop with
depth. This is partially mitigated using intrinsic frequency dependent whole‐path attenuation (Goertz‐Allmann &
Edwards, 2014), as done in this study. To investigate the possible depth dependency, we look at our data in terms
of relative efficiency, which is calculated as the difference between ηsw values and their median value (i.e.,
Δηsw = ηsw − η̂sw , Figure 11). This allows us to identify two distinct subsets according to the hypocentral depth:
shallower events are associated to the highest positive Δηsw deviations (i.e., relative undershoot condition, which
corresponds to higher dynamic stress drop, Beeler et al., 2003), while deeper events prevalently show negative
Δηsw (i.e., relative overshoot condition, which corresponds to lower dynamic stress drop, and larger amount of
energy spent as heat or the creation of new fractures).
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Since, at a first glance, Figure 11 suggests an uneven spatial distribution of Δηsw, we investigate the spatial
distribution of ηsw itself, which could help to identify areas displaying characteristic efficiency behavior. We
define three categories based on the efficiency values reported in Beeler et al. (2003): events with very low
efficiency (ηsw < 0.2, 10% of total events), events with efficiency in the range that is typical for laboratory and
small induced earthquakes (0.2 ≤ ηsw ≤ 0.3, 53% of total events), and events with high efficiency (ηsw > 0.3,
37% of total events). We notice that almost half of the considered events fall in the typical efficiency range, while
the remaining half mostly displays higher efficiency. Only 10% of the events display very low efficiency levels,
which are also associated with higher magnitudes and higher hypocentral depths. Some interesting features can be
evidenced in the spatial distribution of ηsw. Their corresponding macro areas are highlighted in Figure 12 and
identified with labels that follow the division of the region into the seismotectonic domains identified in Villani

Figure 11. (a) Histograms showing the distribution of positive (red) and negative (blue) relative efficiency values, Δηsw, with
respect to hypocentral depth. (b) Geographical distribution of all the considered events (dots), with data colored per relative
efficiency.

Figure 12. Geographical distribution of the resulting Savage‐Wood efficiency (dots), divided between values above (red,
Panel a) and below (blue, Panel b) the [0.2, 0.3] range defined as typical for laboratory and small induced earthquake
observations by Beeler et al. (2003). Peculiar areas, for which clusters of positive and negative efficiency values are
observed, are highlighted in yellow. Events with typical efficiency values are reported in Panel (c). A simplified
classification of the seismotectonic domains based on the predominant efficiency condition is proposed in Panel (d).
Domains for which no cluster of events with equal efficiency range existed are colored in white, domains hosting clusters of
events with high efficiency are colored in red. The domain DIN hosts both clusters of high and low efficiency events,
represented as red and blue areas respectively. The approximate position of the Adriatic indenter, as reported in Massironi
et al. (2006), is represented as dashed red line.
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et al. (2024). A simplified classification of these domains based on the predominant efficiency condition (either
above 0.3 or below 0.2, with a minimum of 10 events) is also proposed in Figure 12d; again, an exception is made
for DIN, to highlight its peculiarity of hosting the highest number of low efficiency events (23) among all do-
mains, despite having a majority of high efficiency events (54). These peculiar areas show the following features:

‐ Areas indicated as EOA, CSA_MG/SVL (related to the Zebrù and South Giudicarie local fault systems,
respectively) and DIN (especially the southern part in the Snežnik Mt. area in Slovenia, characterized by the
Raša and Idrija faults) are markedly populated by earthquakes with high efficiency.

‐ Overall, the whole northeastern Italian Alps arc (section SEAW and part of SEAE) appears characterized by an
abundance of events with relatively high efficiency.

‐ The western limit of the northeastern Alps arc (the portion of the SEAW area at the border with CSA_MG/SVL
and ESEA), between the north‐east to south‐west trending Valsugana thrust system and the north‐west to south‐
east trending Schio‐Vicenza fault (DISS, 2021), is characterized by events with low efficiency.

‐ On the eastern side of the investigated area, we observe the presence of events characterized by both low and
high efficiency (i.e., areas SEAE/DIN and DIN in Figure 12b, respectively). Notably, the low‐efficiency cluster
observed in SEAE/DIN corresponds to the faults system responsible for some of the larger historical earth-
quakes (i.e., the 1511 Idrija and 1976 Friuli Earthquakes).

Overall, the distribution of ηsw as well as of the stress drop appears to be spatially heterogeneous, suggesting the
presence of crustal volumes and faults with peculiar mechanical characteristics. High‐efficiency event clusters are
most observed in the SEAW, EOA and DIN seismotectonic domains, while low‐efficiency events are present in
the SEAW and DIN seismotectonic domains.

7. Conclusions
In this study, we performed a comprehensive seismic source characterization of the northeastern section of the
Adriatic indenter, mostly covering Northeastern Italy, using the non‐parametric Generalized Inversion Technique
(GIT). By analyzing a data set of 1191 seismic events recorded between 2016 and 2024, we extracted key source
parameters for 735 of these events, including seismic moment, corner frequency, stress drop, and radiated energy.
Our findings provide new insights into the spatial variability of seismic source properties and their implications
for regional seismotectonic processes. As discussed, source parameter studies such as ours must face an inverse
problem and the non‐uniqueness of its solution. In simpler terms, alternative solutions cannot be distinguished
based on goodness‐of‐fit criteria alone, and uncertainties such as the tradeoff between stress drop increase and
spectral decay remain. Further analyses with different methodological approaches would provide a useful
comparison for the results, although experiences such as the community stress‐drop validation initiative teach us
that such comparison might not be straightforward. In our analysis, we do not impose assumptions on stress drop
dependence with magnitude or depth; instead, we make reasonable assumptions about reference site conditions
and how attenuation varies with distance. Thus, accepting that we must rely on reasonable choices, we obtained
source spectra exhibiting specific characteristics and we interpreted the results in the light of those assumptions.
The general consistency of our source parameters with previous studies makes us confident that we avoided over‐
interpretation. The expanded data set analyzed with respect to previous studies allowed for a more detailed
regional analysis of results.

Our results confirm the complexity of the seismicity in the region, characterized by variations in stress drop,
seismic efficiency, and apparent stress across different fault systems and depth ranges. Specifically, we observed:

• A spatially heterogeneous distribution of both stress drop ratio and Savage‐Wood efficiency, suggesting
distinct mechanical behaviors among fault systems. Notably, high‐efficiency events cluster in areas such as
the northeastern Alps arc and the Snežnik Mt. area seismic zones (located inside the SEAW and DIN seis-
motectonic domains respectively), while low‐efficiency events are prevalent along the Thiene‐Cornuda and
Schio‐Vicenza fault systems (at the border between SEAW and SVL seismotectonic domains) and in the
western portion of the DIN domain.

• Apparent deviations from self‐similar scaling, with an increase in apparent stress with event size, which might
indicate differences in rupture dynamics across different fault structures.

These findings contribute to a more refined understanding of the seismic hazard in the European Southeastern
Alps area characterized by the presence of the Adriatic indenter, with practical implications for ground motion
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prediction models and seismic hazard assessments, particularly in a region with a history of moderate to strong
seismicity. The key areas of fault segmentation and mechanical heterogeneity identified in this work will be the
object of further, targeted analyses focusing on the spatiotemporal evolution of dynamic strength during earth-
quakes on local preexisting faults (e.g., as done by Calderoni et al., 2019; Picozzi et al., 2021, 2023). Additional
efforts will be made to improve the attenuation modeling to further constrain source parameters.

By providing a robust data set and methodological framework, this work lays the foundation for further research
into the physical mechanisms governing earthquake generation in Northeastern Italy and beyond. Moreover, the
obtained source parameters will be used to calibrate attenuation laws for the area under study to rapidly estimate
seismic moment and radiation energy during seismic monitoring routine operations as done for central Italy by the
Ramones service (Spallarossa et al., 2021).
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