
Seismic source parameters analysis in Southeastern Alps and associated 
tectonic implications

L. Moratto *, F. Abdi , A. Saraò
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A B S T R A C T

We present a comprehensive analysis of earthquake source parameters in the Southeastern Alps, a tectonically 
complex region located at the junction of the Eastern Alps and the Dinarides. Using single station spectral 
inversion of S-wave displacement spectra from 1521 well-recorded earthquakes (1.3 ≤ MW ≤ 4.3) occurring 
between 2016 and 2023, we estimated seismic moment, corner frequency, static stress drop, apparent stress, 
radiated energy, and seismic efficiency. Our results reveal a small deviation from self-similar scaling condition, 
with static stress drop values ranging mostly from 0.1 to 10 MPa (median ≈ 0.84 MPa) and apparent stress 
stabilizing above 1 MPa for moderate events. The Savage-Wood efficiency values suggest a dominant overshoot 
rupture regime, indicating that only a fraction of the available stress is radiated as seismic energy. The spatial 
patterns of stress drop and attenuation correlate with the underlying tectonic domains. Regions characterized by 
strong, competent crust exhibit higher stress drops and lower attenuation, whereas areas with fractured, fluid- 
rich fault zones show lower stress drops and stronger attenuation. This study highlights the value of high- 
resolution spectral analysis and dense seismic networks for characterizing rupture processes and provides a 
new regional reference dataset for ground motion prediction and seismic hazard assessment in Southeastern Alps 
and comparable intraplate environments.

1. Introduction

The Southeastern Alps represent one of the most seismotectonically 
complex regions in Europe, shaped by the ongoing convergence of the 
Eurasian and Adriatic plates. This convergence has produced dense 
thrust, strike-slip, and extensional fault systems (Slejko et al., 1989; 
Bressan et al., 2003; Sara1ò et al., 2021). While seismicity in the region 
is typically moderate (rarely exceeding MW 5.5), the area experiences a 
high rate of low-to-moderate magnitude earthquakes, offering a unique 
opportunity to investigate rupture processes across varied tectonic set-
tings. The 1976 Friuli earthquake (MS 6.5), which caused nearly 1000 
casualties (Aoudia et al., 2000), remains a landmark event underscoring 
the significant seismic hazard of the region.

Understanding the rupture behavior of even smaller events across 
this structurally diverse region is essential not only for seismic hazard 
assessment but also for tectonic interpretation. In this context, the 
characterization of seismic source parameters such as seismic moment, 
corner frequency, stress drop, and radiated energy, is critical. These 
parameters provide fundamental insights into earthquake scaling laws, 

fault mechanics, and crustal properties, and are also crucial for devel-
oping ground motion prediction equations, modeling the spatio- 
temporal evolution of faulting, and assessing rupture efficiency. Such 
information enhances both theoretical understanding and applied 
seismic hazard models for this intraplate domain.

Previous investigations in the region have provided valuable, albeit 
fragmented, insights into source characteristics. Franceschina et al. 
(2006) analyzed 53 local events (2.0 < ML < 5.7), estimating source 
spectra using the methods of Andrews (1986) and least-squares inver-
sion. Bressan et al. (2007) focused on seismic swarms in Friuli and 
western Slovenia, contributing to the understanding of source vari-
ability in clustered sequences. More recently, Cataldi et al. (2023)
applied parametric spectral inversion to 23 earthquakes (2.3 ≤ ML ≤
4.5) that occurred in Northeastern Italy between 2009 and 2019. Still, 
rapid magnitude and moment estimations based on response spectra 
have been explored at both regional scales (Moratto et al., 2017; 
Tarchini et al., 2025) and in microseismic settings (Moratto et al., 2019; 
Lanzoni et al., 2020). Despite these contributions, a comprehensive and 
spatially resolved analysis encompassing the broader Southeastern Alps 
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is still lacking.
This study aims to address that gap by conducting a region-wide 

spectral characterization of earthquake sources in the Southeastern 
Alps. Specifically, we aim to i) provide high-quality source parameters to 
be used in seismic hazard models tailored to the study zone, and ii) 
identify systematic variations in stress drop and rupture efficiency 
across distinct tectonic domains.

To achieve these goals, we apply parametric spectral inversion to a 
curated dataset of 1521 earthquakes (1.3 ≤ MW ≤ 4.3) recorded in the 
region between 2016 and 2023. The resulting catalog includes estimates 
of seismic moment (M0), corner frequency (fC), source radius (a), radi-
ated energy (ER), static stress drop (Δσ), apparent stress (τa), and seismic 
efficiency (ηSW), and is available on Zenodo (Moratto et al., 2025a).

As noted in many studies (e.g. Abercrombie, 2021; Bindi et al., 
2024), some source parameters, particularly stress drop, remain among 
the most uncertain in seismology. These estimates are highly sensitive to 
methodological choices, including attenuation correction, source model 
assumptions, and spectral fitting procedures. A recent validation study 
(Abercrombie et al., 2025 and reference therein), shows that applying 
different methods to the 2019 Ridgecrest sequence, can produce stress 
drop values differing by more than an order of magnitude, highlighting 
the need for regionally calibrated and consistent approaches. Impor-
tantly, Abercrombie et al. (2025) concluded that no single method 
consistently outperforms others; rather, reliable and robust stress drop 
estimates are achieved by selecting techniques that are best suited to the 
available data and the specific tectonic context, while explicitly 
considering their inherent trade-offs. According to their findings, the 
most trustworthy results are obtained not by relying on a single 
approach, but by integrating multiple methods to mitigate method- 
dependent biases and uncertainties. In this framework, the detailed 
dataset we present provides a valuable foundation for future efforts 
aimed at refining source parameter estimates and improving the overall 
characterization of seismicity in the study area.

For our study we used the SourceSpec software (Satriano, 2024) - an 
algorithm among those analyzed in the study by Abercrombie et al. 
(2025) - that has proven effective for analyzing small-to-moderate 
earthquakes recorded by dense regional networks in tectonically com-
plex areas. Through frequency-domain spectral inversion, we simulta-
neously estimated source parameters and path attenuation (t*). This 
approach is particularly suitable for the Southeastern Alps, where var-
iable crustal structures, depth-dependent attenuation, and diverse stress 
regimes coexist. Because our aim is to resolve large-scale spatial patterns 
of source parameters, we adopt a homogeneous processing workflow 
and rely on multi-station averaging to minimize local site effects.

In the following we detail the methodology and the dataset used and 
discuss the obtained results comparing them with previous studies in the 
area. By combining a dense seismic network, a robust inversion meth-
odology, and a large, high-quality earthquake dataset, we aim to provide 
a solid spectral foundation for future seismic hazard modeling in this 
structurally complex region.

2. Method

We estimate the source parameters by inverting the displacement 
spectra using the SourceSpec software (version 1.8 release; Satriano, 
2024). SourceSpec, developed in Python, is a well-documented, user- 
friendly, and actively maintained tool that is widely adopted by the 
seismological community. It has been successfully applied to earthquake 
sequences in a variety of tectonic settings around the world (Lengliné 
et al., 2023; Wang et al., 2023; Panebianco et al., 2023; Moratto et al., 
2025b). This method utilizes Brune's classical model and performs 
parametric spectral fitting, in which observed displacement spectra are 
matched to theoretical source models assuming circular ruptures (e.g., 
Abercrombie, 1995; Zollo et al., 2014). The algorithm inverts P- or S- 
wave displacement amplitude spectra recorded at individual stations. 
For S-waves, the spectral model for each station, in M0 units, can be 

written as: 
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where f is the frequency, G(r) the geometrical spreading term, r the 
hypocentral distance, Rθ,φ the radiation pattern coefficient, ρh and ρr the 
medium densities at the hypocentre and the receiver, ch and cr the cor-
responding S-wave velocities, SX(f) the far-field Fourier displacement 
spectrum, fC the S-wave corner frequency, and t* the attenuation 
parameter.

Before performing the inversion, the spectral model is transformed 
into MW units so that the observed spectrum is represented as: 
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The three motion components are combined into a single data vector 
using the root-sum-of-squares, which is then compared with the theo-
retical model: 
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ultimately yielding the following model used in the inversion: 
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with: 

MW = 2
3
(
log10(M0)− 9.1

)
(2.5) 

The source parameters estimated simultaneously include M0, fC, 
source radius, static stress drop, and ER. The attenuation parameter t*, 
related to the seismic quality factor (Q0), is also estimated and is allowed 
to vary for each source-receiver path to account for spatial variability 
along the ray paths. The resulting t* values are then converted to Q0 
using the following relation: 

Q0 = tt(r)
t* (2.6) 

where tt is the travel time from source to station and r is the hypocentral 
distance. It is important to note that Q0 is not treated as frequency 
dependent as shown in formula (2.6). We initialize the inversion using 
t*, because SourceSpec performs the spectral fitting directly in terms of 
path-integrated attenuation (2.1), making t* the natural parameter in 
the inversion space. The initial t* value simply provides a numerical 
starting point for the inversion.

The source radius (a) is computed from fC estimated from the spectral 
inversion: 

a = k ch
fC

(2.7) 

where ch is the S-wave velocity at the hypocenter, and k is a constant 
which depends on the source model. The static stress drop (Δσ) is 
calculated from M0 assuming a circular rupture of radius a (Madariaga, 
2011): 
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Δσ = 7
16

• M0

a3 (2.8) 

The ER is computed from the energy flux recorded at appropriate 
distances from the source, following the procedures described by Boat-
wright et al. (2002) and Lancieri et al. (2012), and including corrections 
for noise and bandwidth. The apparent stress (τa) is then defined as the 
product of the shear modulus and the ratio of ER to M0 (Wyss, 1979). 
Finally, the Savage-Wood seismic efficiency is calculated following 
Beeler et al. (2003), as the ratio of apparent stress to static stress drop.

A full grid search is performed to explore all possible parameter 
combinations (M0, fC, t*) and identify the best-fitting solution for each 
individual spectrum. Each spectrum is inverted independently at single- 
station level allowing the moment magnitude (MW) and fC to be esti-
mated separately for each record. Final event parameters are obtained 
by averaging only the stable solutions across stations, which reduces the 
influence of low SNR data and local path or site anomalies. Uncertainties 
are derived from the variability of the station-based estimates: the dis-
tribution of these values is used to compute the mean and standard 
deviation, in logarithmic space for fC, which is approximately log- 
normally distributed.

This approach avoids mixing path-dependent attenuation effects that 
would arise if spectra or waveforms were averaged prior to inversion 
and helps limit the classical corner-frequency/attenuation trade-off 
(Scherbaum, 1990, 1994), as attenuation is treated separately for each 
path and the inversion is constrained within physically motivated 
bounds. The associated uncertainties reflect model simplifications and 
unmodeled effects in source (e.g. rupture velocity, radiation pattern), 
path (e.g. 3D heterogeneities), or site response. Key methodological 
challenges include the selection of appropriate time windows and ac-
curate modeling of frequency-dependent attenuation and site effects. 
Because the aim of this study is to identify large-scale spatial patterns 
rather than optimize individual station estimates, the combination of 
single-station inversion and robust multi-station averaging ensures 
methodological consistency and reliability across the heterogeneous 
study area.

In this study, only S-waves were used because their larger amplitudes 
provide higher signal-to-noise ratios and more reliable parameter esti-
mates. SourceSpec was configured following Panebianco et al. (2023). 
Initial values for MW and fC were automatically estimated by the soft-
ware, while inversion bounds for MW allowed variations of ±0.35 
around the initial estimate and fC was constrained between 1 and 45 Hz.

The starting value of t* was manually assigned (0.03 s), based on the 
elastic and anelastic properties of the region. The bounds imposed on t* 
(0.01–0.09 s) reflect the physically plausible range for the study area, 
considering hypocentral distances of 20–80 km, an average S-wave ve-
locity of ~3.5 km/s, and regional Q0 ≈ 260 (Malagnini et al., 2002). 
These constraints prevent the inversion from exploring unrealistic 
combinations of very high corner frequencies and negligible attenuation 
(or vice versa), thereby reducing the classical fC –t* trade-off and sta-
bilizing the inversion.

All waveforms were first processed using a bandpass filter with a 
lower cut-off of 0.8 Hz and an upper cut-off of 45 Hz, close to the Nyquist 
frequency for 100 Hz sampling. The inversion was performed only for 
stations with a minimum signal-to-noise spectral ratio (SNR) of 5. The 
signal-to-noise ratio was computed as the ratio between the RMS 
amplitude within the selected S-wave (or P-wave) window and the RMS 
amplitude within the pre-event noise window. The S/N > 5 threshold 
refers to the average spectral signal-to-noise ratio over the full inversion 
bandwidth (0.8–45 Hz). Only traces meeting this requirement across the 
entire frequency range were retained, preventing low- or high-frequency 
contamination from biasing the inversion.

Spectral amplitudes were computed using a 2.0 s time window for 
both S-wave and noise segments. The noise window begins 3.0 s before 
the P-wave arrival, ensuring a clean and uncontaminated portion of the 
record for estimating the background noise level. The pre-S interval was 

not used because it may contain P-wave coda and scattered phases, 
especially at short epicentral distances, which could artificially increase 
the estimated noise and bias the signal-to-noise ratio. The S-wave win-
dow starts 0.4 s before the S-wave arrival, preventing contamination 
from the preceding portion of the seismogram. The geometrical 
spreading coefficient is represented as rn where n is fixed to 1, consistent 
with body-wave propagation in a homogeneous full space.

3. Data

The data used in this study are recorded from the OX seismic 
network, operated by the Seismological Research Centre (CRS) of the 
Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS). 
The OX network consists of 42 permanent seismological stations 
(Bragato et al., 2021), covering an area that extends from Lake Garda to 
the Italian - Slovenian border, and from the Po River to the Italian - 
Austrian border (Fig. 1). To enhance both spatial coverage and detection 
capabilities, the OX network is integrated in real time with more than 
100 seismic stations from adjacent regional and national networks (see 
Data Availability). This integration has significantly improved detection 
sensitivity, allowing the system to record even negative-magnitude 
events when the interstation distance is below 10 km (Moratto and 
Sandron, 2015).

Over the last eight years, the network has enabled the manual review 
and archiving of more than 11,000 seismic events, providing a rich 
dataset for high-resolution spectral analysis in this tectonically complex 
region. For this study, we selected a subset of earthquakes that occurred 
between 1 January 2016 and 31 December 2023, within the spatial 
bounds of 44.5◦- 47.0◦N latitude and 10.0◦-14.5◦E longitude (Fig. 1). 
The locations and magnitudes of the events were obtained from the OGS 
bulletins (Snidarcig et al., 2017, 2018, 2019, 2020, 2021, 2022; Brondi 
et al., 2024, 2025). The corresponding velocimetric waveforms were 
retrieved and processed according to the procedures described in 
Tarchini et al. (2025). These include instrumental correction, bandpass 
filtering, and proper formatting of station and event headers. The final 
set of corrected waveforms, along with associated metadata, is available 
in a public repository (Moratto et al., 2024) and serves as the basis for 
the spectral inversion and source parameter analysis presented in this 
study.

The increasing complexity and variability of stress drop scaling at 
low magnitudes is well known and emphasises the importance of 

Fig. 1. Map of the seismicity analyzed in this study; the earthquakes (repre-
sented by circles) are taken from the OGS bulletins. The triangles show the 
utilized stations, while the black rectangle marks the study area monitored by 
the OGS.
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defining reliability thresholds in spectral analyses (e.g., Bindi et al., 
2020), especially due to enhanced attenuation effects and to mitigate 
saturation effects often observed in microseismic events (e.g., Aber-
crombie et al., 2017; Deichmann, 2018). To reduce contamination of the 
P- and S-wave windows by secondary arrivals, we restricted our dataset 
to events with hypocentral distances less than 80 km (Bragato et al., 
2011). Furthermore, we restricted the analysis to those earthquakes for 
which Tarchini et al. (2025) estimated MW (derived from SA) ≥ 1.5. This 
threshold also reflects the limitations imposed by the 100 Hz sampling 
rate of the OX network, which limits the resolution of the high-frequency 
spectral content and reduces the reliability of the source parameter es-
timates for smaller events. After applying these selection criteria, the 
resulting dataset comprises 4326 earthquakes within the study region. 
After applying SourceSpec the inversion successfully converged for 3406 
events (~79 %), while 920 events did not yield valid solutions. Finally, 
we retained only events inverted at a minimum of five stations and with 
estimated fC ≤ 35 Hz. This additional selection further narrowed the 
dataset, resulting in a final set of 1521 earthquakes (Fig. 1), obtained by 
inverting a total of 13,882 waveforms; the final dataset spans a magni-
tude range of 1.3 ≤ MW ≤ 4.3.

4. Results and discussion

Using the selected 1521 events we derived key source parameters 
through spectral inversion, and the complete set of results is made 
available in an open dataset (Moratto et al., 2025a). To evaluate the 
robustness of the estimated parameters, we performed consistency 
checks by comparing our results with those reported in previous studies, 
where available. These comparisons provide valuable insight into the 
reliability of our methodology and help assess potential biases. In the 
following sections, we detail the distribution of the estimated 

parameters and discuss their physical implications in the context of 
regional seismotectonics.

Fig. 2 shows an example of the displacement amplitude spectra 
calculated with the SourceSpec code for the source parameters in-
versions related to an earthquake occurred on 11 March 2023.

4.1. Moment magnitude

To validate the MW estimates obtained in this study (MW(SS)), we 
compared them with those derived from spectral acceleration (MW(SA); 
Moratto et al., 2017; Tarchini et al., 2025) and from moment tensor 
solutions (MW(MT)) for events with MW ≥ 3.5 (Saraò et al., 2021).

We observe a generally good agreement between MW(SS) and the 
independent values derived from the moment tensor solutions 
(MW(MT); Fig. 3a) and from the spectral acceleration (MW(SA); Fig. 3b). 
Most residuals fall within ±0.3, consistent with the expected uncer-
tainty of both reference methods.

Although site effects were not explicitly corrected in this study – a 
full + characterization of site response across all networks, while valu-
able, is beyond the scope of this work and would require a dedicated 
analysis - several considerations support the robustness of our magni-
tude estimates. Most stations of the OX network, as well as the majority 
of those from the additional networks used here, are installed on rock or 
stiff soil (Priolo et al., 2015; Klin et al., 2021), where local amplification 
is expected to be limited. The intra-event variability of the single-station 
inversions is generally limited. For the entire dataset, MW values from 
different stations cluster around a stable central value, with a typical 
standard deviation of s[MW] ≈ 0.19. A similar behavior is observed for 
the estimated corner frequencies, with s[log10(fC)] ≈ 0.24. These vari-
ability levels are comparable to previous spectral studies of micro-
earthquakes in northeastern Italy and suggest that path-dependent 

Fig. 2. Displacement amplitude spectra were computed using the SourceSpec code for the inversion of source parameters. The figure displays both signal spectra 
(solid lines) and noise spectra (dashed lines), together with the inverted source parameters for each seismic station. The corrected signal root-sum-of-squares 
spectrum (red solid line) was selected as the input for the inversion. The spectral fitting was performed against the Brune source model (black solid line), shown 
for comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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attenuation or site effects do not dominate the event-level estimates.
A notable exception is a single event located in the Po Plain, which 

displays a residual of +0.4 in both comparisons. In this case, MW(SS) 
overestimates the magnitude (4.3) relative to MW(MT) and MW(SA) 
(both 3.9), likely due to unmodelled site amplification. Indeed, while 
many stations are on rock or stiff soil, some are installed within the Po 
Plain, where significant site effects may enhance ground motion and 
bias the moment, and therefore MW(SS), upwards, as illustrated by this 
outlier.

Fig. 4 shows a direct comparison between MW(SS) and MW(SA). The 
distribution of the data indicates a strong agreement between the two 
estimates from about MW = 1.3 to MW = 4.0. The scatter is limited and 
symmetrical, with most data points lying within ±0.3 magnitude units, 
which is consistent with the uncertainty associated with the MW(SA) 
estimates. A small number of outliers appear in the higher magnitude 
range, including a point around MW(SS) ≈ 4.3 which corresponds to the 
anomalous event in the Po plain that we have already discussed.

4.2. Attenuation

An intrinsic trade-off exists between source and path effects, which 
can influence the estimation of source parameters (e.g. Bindi et al., 
2020). In particular, fC and t*, both affecting the high-frequency content 
of the signal, may compensate for each other during the inversion pro-
cess. In contrast, MW and M0 are more stable and less sensitive to this 
trade-off. Despite the potential coupling between fC and t* values, our 
dataset does not show any evident correlation between the two pa-
rameters, suggesting they are estimated independently. This is illus-
trated in Fig. 5a, where no specific trend can be recognized. The 
apparent alignment of some data points originates from the discrete 
sampling of both parameters in the grid-search inversion, which can 
produce clusters of identical or neighbouring values. To further evaluate 
how well the attenuation term is resolved along comparable ray paths, 
we performed an additional test analogous to the approach of Jozi 
Najafabadi et al., (2023). The study region was divided into 5 × 5 × 3 
km spatial cells, and for each cell we selected t* estimates from at least 
two earthquakes recorded at the same station, yielding 8804 measure-
ments grouped into 1450 cells. The intra-cell distributions show that t* 
is highly stable for closely spaced events travelling along similar paths, 
with typical standard deviations of ~0.006 s. As shown in Fig. 5b and c 
neighbouring events recorded at the same station exhibit nearly iden-
tical attenuation along common ray paths, confirming that t* is consis-
tently resolved and not dominated by station- or path-specific 
anomalies.

Building on this, we now examine the spatial distribution of atten-
uation, expressed as a path-averaged Q0 value derived from the t* esti-
mates for each source–receiver pair (Fig. 6a). In our dataset, Q0 has a 
median of 309 (interquartile range: 207–466), consistent with previous 
studies in the region (Malagnini et al., 2002). Fig. 6a shows the spatial 
distribution of Q0, derived from the t* for each source–receiver pair, in 
the investigated area. Lateral variability in attenuation appears from 
western to eastern margins, with higher Q0 values (Q0 > 550) observed 
around the Montello area suggesting more efficient wave propagation in 
those domains; lower Q0 values (Q0 < 400) predominantly characterizes 
the central sector of the study area, particularly along the Alpine arc, 
reflecting more attenuative crustal structures, possibly due to higher 
sediment thicknesses, fluid content, or structural heterogeneity. This 
pattern is consistent with previous studies suggesting that Q0 in the 
Eastern Southern Alps is strongly controlled by lithological contrasts, 

Fig. 3. Distribution of the residuals for the comparison between: a) MW(SS) and MW(MT) for the seismic events with 3.5 ≤ MW ≤ 4.0; b) MW(SS) and MW(SA) for all 
considered dataset.

Fig. 4. Comparison between MW(SS) and MW(SA) for 1521 earthquakes in 
northeastern Italy. The dashed line indicates the 1:1 correspondence.
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crustal composition, and tectonic regime. A similar trend emerges from 
the QP 3D-model proposed by Jozi Najafabadi et al. (2023), where lower 

QP values are located in central Friuli and higher QP characterizes the 
Montello zone. The deeper earthquakes (depth > 20 km), primarily 

Fig. 5. a) Distribution of fC vs event-averaged t* for the entire dataset. b) t* values plotted against the average values along common ray paths computed within 
5x5x3 km spatial cells; c) histogram of residuals defined as t*-average(t*) for all common ray paths.

Fig. 6. a) Spatial distribution of Q0 values estimated in this study. Each line represents the Q0 value computed along each source-to-receiver path, colour-coded 
according to the corresponding attenuation strength. Higher Q0 values (red hues) indicate lower attenuation, whereas lower Q0 values (blue hues) correspond to 
stronger attenuation. b) Q0 values plotted as a function of earthquake hypocentral depth for the analyzed dataset. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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located in the Po Plain, tend to exhibit Q0 values exceeding 500 (Fig. 6b), 
further supporting the link between depth, structural setting, and 
attenuation characteristics. In particular, most events are concentrated 
between 5 and 20 km depth, where Q0 ranges predominantly from 100 
to 800. The overall trend highlights substantial variability but does not 
indicate a strong systematic dependence on depth, supporting the 
interpretation that lateral heterogeneity plays a larger role than vertical 
gradients in the attenuation structure of the region.

The observed spatial heterogeneity supports the use of path- 
dependent attenuation corrections in spectral inversion and un-
derscores the importance of regional calibration in source parameter 
estimation, in line with recent findings by Bindi et al. (2024) and Yen 
et al. (2024). In particular, Yen et al. (2024) emphasize that using 
region-specific attenuation models is essential to avoid biases in stress 
drop estimates, especially in tectonically complex areas such as the 
Southeastern Alps. Joint inversion strategies that incorporate a more 
explicit representation of the attenuation structure (e.g. Rietbrock, 
2001; Eberhart-Phillips and Chadwick, 2002) represents a promising 
direction for future developments, as it would allow a refined charac-
terization of attenuation structure and potentially reduce residual path- 
related variability in the source parameters.

4.3. Stress drop

The seismic source parameters derived from the spectral analysis 
reveal a wide range of event sizes and corner frequencies. As shown in 
Fig. 7a, M0 ranges from 1 × 1011 to 3.7 × 1015 Nm, corresponding to MW 
between 1.3 and 4.3. The associated fC span from 1.7 to 35 Hz. From 
these, source radii were inferred, ranging from 33 to 780 m, with a 
median of 74 m and 68 % confidence limits between 43 and 126 m 
(Fig. 7b).

The attenuation-related decay of high-frequency amplitudes appears 
less pronounced and the saturation effect is not clearly visible in Fig. 7a. 
Weaker attenuation permits more reliable estimation of fC and source 
parameters, even for low-magnitude events.

Indeed, following Kanamori and Rivera (2004), we performed a 
least-squares regression between log10(M0) and log10(fC), obtaining: 

log10(fc) = −0.2840(± 0.0002)*log10(M0)+4.618(±0.026) (4.1) 

The slope of −0.284 is slightly higher than the theoretical value of 
−1/3, which is expected under self-similarity conditions, where M0 
scales with fC−3. In our case, M0 scales approximately with fC-3.52, 

indicating a slight positive deviation from self-similarity, (quantified by 
a correction factor of 0.52). However, the lack of a clear magnitude 
dependence in Δσ, combined with the broad spread of stress drop values 
across the dataset, supports the interpretation that earthquake ruptures 
in the Southeastern Alps are approaching quasi self-similar behavior, 
with minor regional or scale-dependent variations. Such deviations have 
been previously reported in the area (Franceschina et al., 2006; Fran-
ceschina et al., 2013), and may be linked to factors such as fault zone 
maturity, rupture directivity, or spatial heterogeneity in stress and 
strength.

Static stress drops estimated using the Brune model range from 
0.0014 to 42.08 MPa, with most values falling between 0.1 and 10 MPa. 
The median is approximately 0.84 MPa (interquartile range: 0.24–2.98 
MPa). These values are broadly consistent with previous observations 
from northeastern Italy and other intraplate areas. Franceschina et al. 
(2006) reported values from 0.07 to 5.31 MPa (average 0.73 MPa), 
while Franceschina et al. (2013) estimated 4.9 MPa for the Kobarid 
mainshock and 0.03–1.55 MPa for its aftershocks. Similarly, Cataldi 
et al. (2023) found Δσ predominantly between 1.5 and 6 MPa, with 
some exceeding 15 MPa in the Friuli Venezia Giulia region. In the 
Montello area, Moratto et al. (2019) reported lower Δσ, with a median of 
0.45 MPa based on the Madariaga model, a values that align with the 
lower bound of our distribution. Overall, smaller earthquakes in our 
dataset exhibit slightly lower Δσ than larger events. For example, the 
strongest event (MW = 4.3) shows a Δσ of 3.95 MPa.

On a broader European scale, Yen et al. (2024) observed increasing Δ 
σ with magnitude, which stabilize beyond MW = 4, indicating self- 
similar rupture behavior. Their median Δσ of 13.8 MPa for larger 
events is comparable to the upper values observed in the Southeastern 
Alps. A similar variability has been documented in other intraplate re-
gions. For instance, Saadalla et al. (2025) reported Δσ from 0.04 to 16.3 
MPa for earthquakes in the Dahshour region (ML 1.7–3.6), underscoring 
that such variability is not confined to plate boundaries. Instead, it re-
flects the strong influence of local structural and rheological conditions 
on rupture dynamics.

The spatial distribution of Δσ across the SE Alps region (Fig. 8a) 
reveals pronounced variability, spanning over three orders of magni-
tude, from Δσ~0.01 MPa to Δσ >10 MPa. To interpret these patterns, 
the region was subdivided into three seismotectonic macro-areas (V, F, 
S) based on published zonations for northeastern Italy and western 
Slovenia. The V area follows the Veneto districts of Sugan and Peruzza 
(2011), while the F area corresponds to the central Friuli districts of 

Fig. 7. a) Estimated M0 and fC for S wave together with the uncertainties obtained from analyzed data set; the solid lines refer to constant Δσ expressed in MPa. Red 
line shows the fit line. b) Estimated M0 and source radius together with the uncertainties obtained from analyzed data set; the solid lines refer to constant Δσ 
expressed in MPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Bressan et al. (2018, 2019); within this region, several adjacent districts 
defined by Bressan et al. (TOL, MN, GE, see their paper for details) were 
merged because they share homogeneous thrust-dominated deforma-
tion, similar focal-mechanism characteristics, and consistent spatial 
trends in upper-crustal elastic properties, and they lie within the sector 
of maximum expected peak ground acceleration in the Friuli Venezia 
Giulia seismic hazard map (Slejko et al., 2011). The S area, extending 
into western Slovenia, reflects the strike-slip seismotectonic domains 
described by Bressan et al. (2018) and captures the transition from the 
Alpine–Friulian compressional belt to the Dinaric strike-slip regime. 
These polygons therefore delineate geologically and seismologically 
coherent units for comparing source parameters.

Elevated values (Δσ >1 MPa, shown in red tones) are concentrated in 
the eastern Southern Alps and Dinaric sectors, particularly at the Eastern 
Dinaric Margin (S zone), and in the Western Prealpine Sector (V zone). 
These areas may reflect enhanced strain energy release and stronger 
fault asperities. In contrast, lower stress drop values (Δσ <0.1 MPa, in 
blue-green) are more prevalent in Central Alpine Foreland (F zone), 
potentially linked to low rupture velocity, high pore fluid pressure, or 
diffuse deformation along complex fault networks. Such spatial varia-
tions likely reflect differences in tectonic loading, lithospheric structure, 
and fault zone maturity. The presence of regionally distinct patterns 
reinforces the need for calibrated stress drop models in both seismic 

hazard assessment and ground motion prediction efforts. In terms of 
depth distribution (Fig. 8b), most events are located between 5 and 20 
km, where Δσ generally range from 0.1 to 10 MPa. Within this interval, 
no systematic depth-dependence is evident. However, two notable 
trends emerge: deeper events (>20 km) more frequently show Δσ 
exceeding 1 MPa; very low stress drop events (Δσ <0.02 MPa) occur 
exclusively at shallow depths (<10 km). This apparent increase in stress 
drop with depth is physically plausible, as higher confining pressure at 
depth may enhance normal stress on faults, allowing for more significant 
stress release (Abercrombie et al., 2021). However, this trend might also 
reflect methodological limitations, such as uncorrected depth- 
dependent attenuation or assumptions of constant rupture velocity 
across depth (Abercrombie, 2021). A smaller number of earthquakes at 
depths greater than 30 km show a wide range of Δσ values, but due to 
the limited amount of data at this depth range, no clear conclusions can 
be drawn. Similar to our findings, Bindi et al. (2024) report that while 
localized depth-dependent variations in Δσ may occur, the overall 
variability across Central and Southern Italy is dominated by lateral 
heterogeneity rather than systematic depth trends.

Looking at the regional detail (Fig. 9a–c), in the V zone (Fig. 9a), the 
median Δσ is 1.9 MPa from 150 earthquakes (1.6 < MW < 3.9). While for 
some events Δσ < 1 MPa, the majority indicate elevated stress release. 
This region includes part of the Po Plain, where deeper events are 

Fig. 8. a) Spatial distribution of static stress drop in the study area. The polygons refer to the Western Prealpine Sector (V); the Central Alpine Foreland (F); the 
Eastern Dinaric Margin (S). b) Static stress drop as a function of hypocentral depth.
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common, likely contributing to the observed pattern. In the F region, Δσ 
values are lower (Fig. 9b), with a median of 0.65 MPa based on 333 
events with magnitudes from 1.5 to 3.7, roughly an order of magnitude 
lower than V and S. The S zone (Fig. 9c) exhibits a median Δσ of 2.17 
MPa, calculated from 129 events (1.5 < MW < 4.0), with most earth-
quakes showing values. Fig. 9d shows the combined dataset from all 
three regions, illustrating a robust inverse relationship between M0 and 
fC, as expected from ω2 source theory, which correlates well with 
regional tectonic and structural factors. High Δσ zones are often linked 
to intact, competent rocks, lower fluid pressure, and longer interseismic 
intervals. This interpretation is consistent with earlier findings (Folesky, 
2024; Moyer et al., 2018; Goebel et al., 2015). Fault properties including 
roughness, friction, and fluid saturation, also play a key role in stress 
accumulation and release (Jolivet and Frank, 2020).

Several studies (Pérez-Campos and Beroza, 2001; Zúñiga and 
Rodríguez-Pérez, 2025) emphasize the dependence of static stress drop 
on tectonic setting. Our study area, located at the junction of two major 
tectonic domains, the E–W-trending Alps and the NW–SE Dinarides 
(Slejko et al., 1989), exhibits distinct faulting regimes that appear to 
influence the observed stress drop distribution (Fig. 10a).

The ternary plots (Fig. 10b) illustrate the spatial variability in 
rupture styles across the study area. In the V zone, both strike-slip and 
reverse mechanisms are prevalent; F is dominated by thrust events with 
low-angle components; and S shows a predominance of strike-slip and 

normal faulting. This distribution closely correlates with the observed 
stress drop patterns (Fig. 9a). Specifically, the F zone, characterized 
primarily by reverse faulting, exhibits the lowest median stress drop, 
consistent with the global trend reported by Zúñiga and Rodríguez-Pérez 
(2025), who found that reverse events typically have lower static stress 
drops and release less seismic energy due to partial stress drop behavior. 
In contrast, the S region shows elevated stress drop values, reflecting its 
dominance of strike-slip faulting, which is commonly associated with 
higher rupture efficiency and overshoot mechanisms. The presence of 
some normal faulting events in this zone may further contribute to the 
high stress drop values, as Zúñiga and Rodríguez-Pérez (2025) reported 
that normal events tend to have higher dynamic stress drops than 
reverse ones. The V zone, which includes both reverse and strike-slip 
events, also exhibits relatively high stress drop values, likely driven by 
the contribution of strike-slip faulting.

Overall, our findings are consistent with the global synthesis by 
Zúñiga and Rodríguez-Pérez (2025), which demonstrated a systematic 
variation in stress drop with faulting mechanisms. This mechanism- 
dependent variability highlights the critical role of tectonic setting in 
shaping stress release characteristics and reinforces the importance of 
considering rupture style in stress drop estimation and seismic hazard 
assessments.

Fluids have a critical impact on rupture mechanics. Elevated pore 
fluid pressures reduce effective normal stress, promoting aseismic slip 

Fig. 9. fC versus M0 for the events analyzed in this study, shown on log-log axes. The top axis reports the equivalent MW. Diagonal black lines indicate constant static 
stress drop levels of 0.01 MPa, 1 MPa, and 100 MPa, based on Brune's circular source model. a) Events located in the V (yellow), b) F (blue), c) and S (red) zones; d) 
All events combined, colour-coded by region: V (yellow), F (blue), S (red), and unclassified (gray).
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and lowering stress drop values. This is evident in the F zone, which 
shows both low stress drop and low Q0 values, markers of high seismic 
attenuation. Jozi Najafabadi et al. (2023) identified a strong anomaly in 
this region, with high attenuation, low VP, and elevated VP/VS ratios, 
pointing to fluid-filled fractures and fault zones. These features enhance 
energy absorption and may promote earthquake swarms (Shearer et al., 
2006; Oth, 2013). By contrast, the V and S zones exhibit higher stress 
drop values and lower attenuation. In V, this is supported by high Q 
values, while in S, high P-wave velocities and high Q (Rajh et al., 2024) 
suggest low fracture density and more efficient stress loading. Further 
supporting this interpretation, Goebel et al. (2015) noted that high stress 
drop earthquakes tend to occur in regions with greater shear resistance 
and longer recurrence intervals. In contrast, low stress drop events often 
arise in fault segments with high fluid content, damage zones, or 
elevated creep, which promote incomplete or inefficient rupture (Moyer 
et al., 2018).

Finally, static stress drop plays a critical role in shaping earthquake 
ground motion, and therefore has direct implications for seismic hazard 
analysis. Higher stress drop events are known to generate stronger 
ground velocities (Abercrombie, 2021), highlighting the importance of 
spatially resolving this parameter in hazard models.

4.4. Radiated energy

The ER in our dataset spans from 1 × 104 to 1.2 × 1011 Nm (Fig. 11), 
covering nearly seven orders of magnitude. Apparent stress (τa) gener-
ally exceeds 1 MPa for events with M0 > 1 × 1014 Nm and tends to 
decrease with decreasing moment. For smaller events, τa values as low 
as 0.01 MPa are observed. This trend may suggest lower radiation effi-
ciency in smaller earthquakes, potentially due to increased energy 
dissipation at the source through processes such as cracking, inelastic 
deformation, or unmodeled path attenuation. These differences could 
reflect variations in rupture dynamics or complexity between small and 
large events and merit further investigation.

Our τa values are broadly consistent with previous findings. Fran-
ceschina et al. (2006) reported apparent stress values mostly between 
0.1 and 1.0 MPa, while Franceschina et al. (2013) found values of 1.9 
MPa for a mainshock and between 0.01 and 0.48 MPa for associated 
aftershocks. Similarly, Moratto et al. (2019) observed τa ranging from 
0.01 to 1 MPa in the Montello area, with two larger events exceeding 1 
MPa. The relationship between ER and M0 reflects a dynamic scaling 
behavior, as ER represents the fraction of energy emitted as seismic 
waves during rupture. The ratio ER/M0 (commonly expressed via the 
scaling parameter ẽ) offers insight into rupture efficiency and energy 

Fig. 10. a) Map and focal mechanism classification of earthquakes in the Southeastern Alps, based on the catalogs from Saraò et al. (2021) and Sugan et al. (2024) for 
the three main zones: V (western cluster), F (central cluster), and S (eastern cluster). b) Ternary diagrams showing the classification of faulting mechanisms for each 
zone based on the plunge of the P, B, and T axes. The colour scale represents the earthquake depth, while symbol size is scaled by magnitude.
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partitioning. According to Kanamori and Rivera (2004), this ratio has a 
theoretical lower bound and tends to decrease for smaller earthquakes. 
In our dataset, ER/M0 values mostly lie between ϵ = 0 (indicative of self- 
similar scaling) and ϵ = 1, although significant scatter is observed across 
the magnitude range (Fig. 12).

Overall, the ER/M0 ratios we computed are consistent with those 
reported for other tectonic settings worldwide (Ide and Beroza, 2001). 
Although our dataset includes few events with MW > 3, these larger 
earthquakes generally show ϵ values below 0.5, indicating relatively 
efficient seismic radiation. In contrast, smaller events exhibit markedly 
lower ER/M0 ratios, suggesting that a larger proportion of their energy is 
dissipated through non-radiative mechanisms, such as frictional heat-
ing, microcracking, or irreversible deformation in the fault zone. 
Consequently, only a small portion of their total energy budget is radi-
ated as seismic waves.

4.5. Seismic efficiency and dynamic processes

The Savage–Wood seismic efficiency (ηSW), defined by Beeler et al. 
(2003), represents the ratio between apparent stress and static stress 
drop and is interpreted as a proxy for seismic radiation efficiency. It 
quantifies the portion of the total stress released during fault rupture 
that is transformed into radiated seismic energy. In simplified rupture 
scenarios, ηSW = 0.5 when the dynamic and static stress drops are 
identical. This value provides an important benchmark for interpreting 
rupture processes: ηSW values <0.5 correspond to overshoot behavior, 
whereas values >0.5 indicate undershoot conditions (Beeler et al., 
2003). Overshoot behavior is characterized by a smaller dynamic stress 
drop relative to the static stress drop and it is frequently observed in 
dynamic rupture simulations (e.g., Madariaga, 1976).

Fig. 13 shows the distribution of seismic ηSW in our dataset. The 
median value is 0.28, with a 95 % confidence interval between 0.23 and 
0.33, and all values range between 0.10 and 0.69. These values are 
consistent with a prevailing overshoot behavior. When adopting the 
source model of Madariaga (1976) instead of Brune (1970), the static 
stress drop increases by a factor 5.5 (Kaneko and Shearer, 2014) 
resulting in even lower seismic efficiency. In this case, the median ηSW 
drops to 0.05 (95 % confidence interval: 0.04–0.06), with values ranging 
between 0.02 and 0.12. According to this model, all events in our dataset 
fall below the 0.5 threshold, indicating that rupture processes in the SE 
Alps region are systematically characterized by overshoot dynamics. It is 
also worth noting that uncertainty in ηSW is strongly influenced by un-
certainties in stress drop estimates, which are in turn affected by fault 
geometry and rupture velocity assumptions (Kaneko and Shearer, 2014). 
This systematic overshoot behavior aligns with the global trends re-
ported by Zúñiga and Rodríguez-Pérez (2025). The strike-slip and 
normal faulting events often deviate from the predictions of Orowan's 
model (Orowan, 1960), which relates stress drop to fault slip through a 
simple elastic dislocation formulation and assumes that rupture ceases 
once the final stress equals the average dynamic friction, implying a 
complete stress drop with neither residual nor overshoot stress. Such 
deviations are linked to elevated apparent stress levels and have sig-
nificant implications for estimating high-frequency ground motions, 
further supporting our observations for the Southeastern Alps region.

Fig. 11. ER versus M0; the solid lines indicate constant apparent stress.

Fig. 12. The ER/M0 ratio vs M0 for the considered dataset; red lines show different types of scaling, computed by assuming a ER/M0 ratio of 6.3 × 10−5 for MW = 7.0 
(Kanamori and Rivera, 2004). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The dynamic stress drop, Δσd, defined as the difference between yield 
stress and dynamic friction during rupture, can be approximated as Δσd 
= τa + Δσ/2, if the fracture energy is neglected (Kanamori and Heaton, 
2000). Applying this formula to our dataset, we compute Δσd =0.64 Mpa 
(using Brune) o 2.53 MPa (using Madariaga) . Regardless of the assumed 
source model, most events fall below the overshoot threshold, further 
supporting the dominance of this rupture style in the region. The 
persistently low seismic efficiency suggests that only a limited portion of 
the total released energy is converted into radiated seismic waves.

The seismic efficiency remains stable for earthquakes with MW > 2.5 
while greater variability is observed for smaller events (Fig. 13). This 
larger scatter at lower magnitudes can be attributed to the influence of 
local heterogeneities, such as fault roughness, pore pressure, and ma-
terial contrasts on rupture initiation and propagation. Additionally, es-
timates of ER and thus apparent stress, become less reliable for small 
earthquakes due to lower signal-to-noise ratios, unmodeled source and 
path effects, and limited bandwidth in the recordings.

5. Conclusions

This study presents one of the most extensive spectral characteriza-
tions to date of seismic source parameters in the Southeastern Alps, a 
tectonically complex region shaped by the convergence of the Eurasian 
and Adriatic plates. Through single station spectral inversion of more 
than 1500 well-recorded earthquakes (1.3 ≤ MW ≤ 4.3) using the 
SourceSpec software and a dense broadband seismic network, we offer 
new insights into the physical conditions controlling rupture processes 
across varied geological settings.

Our results show that earthquake ruptures in the Southeastern Alps 
slightly deviate from self-similar scaling condition, with static stress 
drops typically between 0.1 and 10 MPa (median ~ 0.84 MPa), and not 
evident magnitude dependence. However, radiated energy exhibits a 
weak magnitude scaling trend, with smaller events appearing less effi-
cient in energy release per unit stress drop, possibly due to greater 
sensitivity to damage mechanics or near-source heterogeneity at low 
magnitudes.

One of the most compelling outcomes of our study is the spatial 
differentiation in source characteristics across the region. In the Western 
Prealpine Sector and the Eastern Dinaric Margin, earthquakes display 

elevated stress drops, indicative of more competent crust and efficient 
energy radiation. These areas may represent stronger, more mature fault 
zones where seismic ruptures accumulate and release stress more 
abruptly. In contrast, the Central Alpine Foreland shows systematically 
lower stress drops and attenuation factors consistent with highly frac-
tured, fluid-rich crust. These observations could suggest a tectonic 
environment where fluids modulate rupture processes, possibly 
enhancing aseismic slip or promoting swarm-like behavior.

The apparent stress exceeds 1 MPa for moderate events (MW > 2), 
pointing to efficient energy radiation at higher magnitudes. However, 
the overall low seismic efficiency, with median Savage-Wood ratios 
around 0.28, suggests that rupture in the Southeastern Alps often follows 
an overshoot rupture regime, where much of the strain energy is dissi-
pated through off-fault processes or frictional heating rather than 
seismic waves. This inefficiency underscores the importance of fault 
zone properties such as fluid content, roughness, and structural maturity 
in controlling rupture dynamics.

We also find that the attenuation quality factor in SE Alps is 
distributed on a log normal distribution with a median Q0 of 309. This 
level of attenuation, coupled with a well-constrained source inversion 
setup, allows for robust estimates of corner frequencies even in lower- 
magnitude events, a notable advantage compared to regions with 
stronger attenuation, where spectral analyses are limited in higher 
frequencies.

Our results highlight the influence of lithology, fluid content, and 
fault maturity in modulating source behavior and controlling the par-
titioning of seismic energy. The stress drop exhibits marked spatial 
variability that correlates strongly with underlying geological and 
rheological contrasts reflecting the transitional tectonic regime at the 
boundary between the Alps and Dinarides.

These findings refine our understanding of seismogenic processes in 
the region and carry direct implications for seismic hazard assessment. 
Specifically, areas such as the Western Prealpine Sector and the Eastern 
Dinaric Margin, which show elevated stress drops, are likely to generate 
more intense ground shaking for a given magnitude and should be 
prioritized in future hazard models.

This study demonstrates how high-resolution spectral inversion, 
combined with tectonic analysis, offers valuable insights into rupture 
processes and fault zone behavior, while providing reliable, spatially 
detailed inputs for regional seismic hazard assessment.
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