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ABSTRACT

We study the scaling between seismic moment and corner frequency, and the spatial vari-

ability of the stress drop, in central and southern Italy. We analyze a data set generated by

28,943 earthquakes that occurred between 2005 and 2023 recorded by 1045 temporary or

permanent stations. Considering the trade-off between source and propagation effects,

we develop a spectral decomposition approach in which several attenuation models are

derived for different subregions, and we perform an iterative decomposition to propagate

the site amplification constraint to thewhole data set. The use ofmultiple attenuationmodels

has a significant impact on the source parameter estimation, resulting in stress-drop ratios on

the order of a factor of 10 compared to values obtained without considering the attenuation

differences. Once the attenuation variability is taken into account, the scaling between seis-

mic moment and corner frequency shows different slopes for different subregions, with dif-

ferent degrees of self-similarity breakdown. Furthermore, we observe a clear trend in the

slopes with depth for several subregions. Finally, the spatial variability of the stress-drop

anomalies with respect to the average values expected for a given seismic moment shows

a large lateral variability, which makes it difficult to detect increasing stress-drop trends

with depth.

KEY POINTS

• Correction for propagation effects is a critical step in

determining source parameters.

• We develop an approach that uses multiple attenuation

models to capture local source scaling characteristics.

• We compute the source parameters of 28,943 earth-

quakes in Italy and present the stress-drop spatial variability.

Supplemental Material

INTRODUCTION

Monitoring the mechanical properties of faults through the

estimation of seismic source parameters such as seismic

moment, corner frequency, and radiated energy, is fundamen-

tal to understand how and when faults slip and to improve our

understanding of the physical processes that anticipates large

earthquakes (e.g., Wang et al., 2019; Durand et al., 2020;

Picozzi et al., 2022, 2023). Furthermore, source parameters

knowledge is crucial for seismic hazard assessment because

the link between earthquake-specific ground-shaking variabil-

ity at high frequency and stress drop is well established, for

example, in central Italy (Bindi et al., 2019), Japan (Oth

et al., 2017), northwestern (Bindi et al., 2007) and eastern

(Bindi, Zaccarelli, et al., 2023) Türkiye, southern California

(Baltay et al., 2017), and for a global data set (Baltay et al.,

2019). Over the years, several approaches have been proposed

to retrieve the source time function or its amplitude spectrum,

such as: deconvolution with an empirical Green’s function in

time (e.g., Mori and Frankel, 1990; Bertero et al., 1997) or fre-

quency (e.g., Abercrombie, 2021); coda-envelope decay mod-

eling (e.g., Mayeda et al., 2003; Morasca et al., 2022); joint

inversion of Fourier amplitude spectra (FAS) by generalized

inversion technique (GIT; e.g., Andrews, 1986). Regardless

of the method used, isolating the contribution of source proper-

ties of small and moderate earthquakes from far-field recordings

is not straightforward, due to the difficulties in an adequate

treatment of propagation and site effects (Abercrombie, 1995;
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Hough, 1997; Shearer et al., 2019; Bindi et al., 2020; Chen and

Abercrombie, 2020). Moreover, the source parameter assess-

ment is also hampered by the need to introduce a modeling

framework for interpreting the source spectra (e.g., Brune,

1970), as the parameters of interest, such as the stress drop,

are not directly observable. In the framework of the community

stress-drop validation study initiative (Baltay et al., 2024), the

impact of different alternative choices for some processing

and model assumptions in seismic moment and corner fre-

quency estimation by the spectral decomposition approach have

been investigated (Bindi et al., 2023a,b). The results of these

studies have highlighted that: (1) modern dense networks allow

the source parameters of small and moderate events to be cal-

culated with small statistical uncertainties (high precision); (2)

the impact of processing- and model-related assumptions intro-

duces large epistemic uncertainties, generating systematic biases

in both the seismic moment (i.e., the parameter that provides

information about source dimension) and the source corner fre-

quency (the parameter on which the stress drop depends) that

affect the interpretation of the final results. As a consequence of

the trade-off between source and propagation effects, inaccurate

path corrections can affect source parameters and our ability to

capture their spatial variability (Shearer et al., 2022), such as

the detection of the depth dependence of the stress drop

(Abercrombie et al., 2021).

In this study, we estimate the source parameters of earth-

quakes that have occurred over the Apennine belt in Italy

since 2005. Previous source studies have focused either on spe-

cific seismic sequences (Kemna et al., 2021; Calderoni and

Abercrombie, 2023; Calderoni et al., 2023; De Gori et al.,

2023), to mention only a few recent studies or on specific seg-

ments of the Apennines (e.g., Bindi et al., 2020; Picozzi et al.,

2021). Here, we consider a wider region including both the

northern, central and southern Apennines, to describe the

source parameters and their spatial variability within a

harmonized methodological framework. Because the active

tectonics in the Italian peninsula is heterogeneous (Faccenna

et al., 2014; Latorre et al., 2023), we apply the spectral decom-

position approach (Andrews, 1986), calibrating separate

attenuation models for different subregions and developing

a strategy to consistently constrain the decomposition over

the entire region. With regard to the trade-off between source

and propagation effects, we show that the use of different local

attenuation models allows us to capture the differences in

source scaling for different areas and to investigate the spatial

distribution of stress-drop anomalies both laterally and with

hypocentral depth.

In the following, we first introduce the data set considered

and describe the spectral decomposition approach developed.

Then, we show the effect of using the local attenuation models

on the source parameter distributions and finally we present

the spatial variability of the source scaling properties and

the stress-drop parameter.

DATA SET

The procedure for compiling the data set is described in

Spallarossa et al. (2021). In particular, the download of wave-

forms is guided by the National Institute of Geophysics and

Volcanology (INGV) catalog (see Data and Resources) and

the Complete Automatic Seismic Processor (CASP; Scafidi

et al., 2019) is applied to automatically pick P and S onset,

to perform the phase association, and to relocate the events

with NLLoc software (Lomax et al., 2000). We computed

the local magnitude by applying the Di Bona (2016) attenua-

tion model to the maximum Wood–Anderson amplitudes

extracted from the analyzed data set. We applied the procedure

to about 220,000 earthquakes that occurred in the study area

between May 2005 and November 2023. CASP identified about

15 million P and S phases, used to relocate the events with

NLLoc starting from the INGV locations.

For the spectral decomposition, we select 28,943 earth-

quakes (Fig. 1a) with magnitude greater than 1 and with well-

constrained locations. Figures S1–S4, available in the supple-

mental material to this article, provide information on the

quality of location in terms of horizontal and vertical errors,

number of phases used, and maximum azimuthal gap. We con-

sider both permanent and temporary networks (see Data and

Resources) for a total of 1045 stations (Fig. 1b) counted as

unique sensors (i.e., if a site is equipped with both a broadband

and accelerometer sensors, they are considered as two different

stations). All recordings are converted to acceleration after the

correction for the instrumental response.

The FAS are computed for S waves considering windows

extracted from the horizontal components starting 0.1 s before

the onset of the S wave. The window ends when different dis-

tance-dependent percentages of the cumulative squared veloc-

ity are reached: 90% for distances R ≤ 25 km, 80% for 25 km <

R ≤ 50 km; 70% for R > 50 km (Pacor et al., 2015), computing

the percentages with respect to the values obtained for a dura-

tion of 40 s and setting the minimum and maximum duration

of the selected windows to 5 and 20 s, respectively. Spectra are

smoothed using the algorithm of Konno and Ohmachi (1998),

with a smoothing parameter of 40. The frequency-dependent

signal-to-noise ratio (SNR) is computed with respect to the

pre-event noise window and we set the threshold to 3.

Finally, we compute the square root of the sum of the two hori-

zontal components squared. The number of records processed

varies with frequency as a consequence of the SNR criteria

applied and the number of FAS selected for the spectral

decomposition at 3 Hz is 901,228. The magnitude–distance

scatter plot for each polygon is shown in Figure S5. The var-

iations of the number of events, stations, and FAS in the 0.3–

30 Hz frequency range considered for the spectral decompo-

sition are shown in Figure S6.

To account for possible regional variations in spectral

attenuation with distance, and to avoid the attenuation in

the most sampled areas masking possible regional variations,
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we introduce a spatial zoning scheme. Considering the trade-

off between the source and attenuation contributions to

ground shaking, the segmentation avoids that differences in

attenuation for different regions are accommodated by the

source term. The segmentation is driven by general tectonic

considerations and takes into account the seismicity distribu-

tion to define polygons that are still suitable for performing

spectral decomposition over reduced data sets. We start by

considering the Tyrrhenian tectonic domain, the Apennine

chain, and the Adriatic tectonic domain (Fig. 1c). Then, con-

sidering the seismicity distribution and the VP=VS maps for

the upper crust (Menichelli et al., 2023), the Tyrrhenian tec-

tonic domain is divided into two polygons T1 and T2, in which

T1 is characterized by high heat flow, shallow Tyrrhenian

Moho depth, and geothermal activity (Latorre et al., 2023).

The northern Apennines are divided into polygons N1 and N2;

the central Apennines are split in polygons N3, N4, and AQ, in

which polygon N3 contains the 2016–2017 Amatrice–Visso–

Norcia sequence, and AQ contains the 2009 L’Aquila sequence.

The transition zone between the central and southern

Apennines is represented by polygon AM, which includes the

Sulmona and Fucino basin faults where the 1915 Mw 6.7

Avezzano earthquake occurred. The southern Apennines

Figure 1. (a) Event distribution, with color encoding the hypocentral depth.
(b) Station distribution, with color encoding the logarithm of the number of
available records. (c) Polygonal segmentation of the study area (red) was
introduced for the spectral attenuation model. The focal mechanism plots
indicate the focal mechanism of the 2016 Amatrice, Visso and Norcia main-
shocks, and the 2009 L’Aquila mainshock. (d) Path coverage for each polygon.
The color version of this figure is available only in the electronic edition.
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corresponds to polygon CA, including the seismicity of the

Irpinia region, where the 1980 Mw 6.9 Irpinia earthquake

occurred. The Adriatic area consists of two polygons, AD in

the north and GA in the south. These polygons are character-

ized by seismicity at greater depths associated with the subduc-

tion of the Adria plate beneath the Apennines; the GA polygon

includes the Gargano promontory and part of the Apulian

foreland. The GA is therefore characterized by a heterogeneous

tectonics, including also strike-slip and thrust faults (Lucente

et al., 2023).

The spatial zoning is used to derive an attenuation model

for each subregion and avoiding that propagation effects are

transferred to the sources. Because a given recording is asso-

ciated with the polygon containing the event location, there is a

limited spatial overlap between the data sets used for different

polygons, as the stations recording the events can also be

located outside the polygon (Fig. 1d), particularly for the

longer (and therefore deeper) paths. The overlap between the

data sets considered for different polygons (Figs. S7, S8) intro-

duces a buffer zone that avoids sharp discontinuities in the

attenuation obtained for adjacent polygons.

SPECTRAL DECOMPOSITION

We apply a nonparametric spectral decomposition approach

known as GIT (Castro et al., 1990; Oth et al., 2011). The spec-

tral decomposition is based on the assumption that the FAS

can be expressed as a product of three terms representing

source, propagation, and site effects. Taking the logarithm

of the FAS, the GIT approach is based on the following model:

Log�FASij��f � � Log�Si��f � � Log�Pk�Rij,f �� � Log�Zj��f �:

�1�

The nonparametric GIT splits the FAS into three terms, which

are not described in terms of a seismological model but

by generic vectors representing the source spectrum Si�f �

for each event i and the site amplification Zj�f � at each station

j. For each polygon k � 1,:::,11, with k depending on the event

index i, the propagation effects are described by a matrix of

values Pk�Rij,f � capturing the variation with hypocentral dis-

tance Rij of the spectral amplitudes at different frequencies f.

An additional decomposition is performed without introduc-

ing the polygonal segmentation, that is, considering a unique

attenuation model P�Rij,f � for the whole area. When the indi-

ces i and j are iterated over all available recordings, equation (1)

generates an overdetermined linear system which we solved in

a least-squares sense (Koenker and Ng, 2021). A known char-

acteristic of the linear system generated by equation (1) is that

the solution is not unique because there are two unresolved

degrees of freedom that generate trade-offs between the three

terms. Therefore, constraints are needed to select solutions that

satisfy a priori conditions (Bindi et al., 2023a). We constrain

the attenuation to 1 at a reference distance of 8 km and we

apply a reference amplification condition to selected sites.

The selected reference distance is a compromise between using

the shortest distance possible to minimize the shift of the

attenuation characteristics to the source, and selecting a dis-

tance that is constrained by the data.

We implement the following strategy to perform the spec-

tral decomposition.

• We perform the spectral decomposition (equation 1) for each

polygon separately; as this first set of decompositions focuses

on the attenuation term, we consider events with magnitude

greater than 2 and hypocentral distances up to 120 km. The

magnitude threshold is introduced to provide a more bal-

anced distribution of data with distance, as the SNR selection

allows very small magnitudes to contribute mainly at short

distances. In addition, as for well-sampled data sets the

attenuation term is almost independent of the reference site

condition, we set the average site amplification computed for

the considered stations to 1. The distance range is discretized

into the following bins : 0, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44,

48, 52, 56, 60, 64, 68, 72, 76, 80, 84, 88, 92, 96, 100, 105, and

120 km, and a linear interpolation is applied between two con-

secutive nodes. The spectral attenuation curves are smoothed

by requiring that their second derivative with distance is small

(Castro et al., 1990).

• The FAS corrected for the propagation effects are then used to

separate the source and site terms. For this decomposition, we

consider all events with magnitude greater than 1.5, hypocen-

tral distances up to 60 km to limit the effect of propagation

complexities and regional variability (Fig. S8), and we perform

an iterative procedure that allows the site amplification con-

straint to be propagated to the entire data set.

• The iterative decomposition starts with polygon N3, that is,

the most populated polygon containing the 2016 Amatrice–

Visso–Norcia seismic sequence; to guarantee the same refer-

ence amplification model used in a previous study, we con-

strain the site amplification of three stations in common

with Morasca et al. (2022) to their results (i.e., stations

IV.T1221._EH, IT.LSS._HN and IT.NCR._HN).

• After N3, we carried out the decomposition of other poly-

gons or combinations of polygons, by constraining the site

amplifications at all stations already processed in previous

steps to the solutions obtained. The sequence of decompo-

sition is N3, AQ, N4, N1 + N2 + N4, T1 + T2 + N4, AD +

N2, AM + AQ, AM + AQ + CA, AM + AQ + CA + GA.

REGIONAL SPECTRAL ATTENUATION

Figure 2 shows the spectral attenuation Pk�R,f � for all poly-

gons, averaging the results over different frequency intervals.

At a first glance, the attenuation varies considerably for the

different polygons, both in terms of absolute values and in
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terms of its dependence on frequency. The attenuation for the

polygons along the Tyrrhenian Sea, in particular for T1, and

along the Apennines (e.g., polygons N1, N2, and AQ) is faster

than for the polygons along the Adriatic Sea (i.e., AD and GA);

regarding the frequency dependence, the spread of the attenua-

tion values is larger for T1, N1, N2, and AQ. Figure 3 quantifies

the difference in spectral attenuation between each polygon and

the model obtained considering

all polygons together (without

regionalization) for five frequen-

cies (i.e., 0.5, 1, 5, 10, and 20Hz).

Considering the large sampling

that characterizes N3 (which

includes the 2016–2017

Amatrice, Visso, and Norcia

sequence), a decomposition

without regionalization would

be driven by N3, especially

below 5 Hz, biasing the results

in other polygons. At higher

frequencies, N3 shows a slower

attenuation than the model

without regionalization, sug-

gesting that the anelastic attenu-

ation for N3 is lower than for

the whole area. Along the

Apennines, the high-frequency

attenuation (results for 10 and

20 Hz in Fig. 3) is strongest

for AQ (including the L’Aquila

mainshock), N1 and CA

(Irpinia region), and for T1 on

the Tyrrhenian side: for these

polygons, the 10 Hz attenuation

at 50 km is more than 25%

stronger than without regionali-

zation. On the other hand, the

attenuation at all frequencies is

lowest for AD and GA, espe-

cially at high frequencies, with

ratios between 10% and 25% for

distances greater than 20 km.

According to these results, a

strong influence of the regionali-

zation on the source parameters

can be expected.

SITE EFFECTS AND

SOURCE PARAMETERS

ESTIMATION

The FAS corrected for propa-

gation effects are used to isolate

the source spectra from the site

amplifications using the iterative decomposition approach

described in the Spectral decomposition section. Figure 4

shows the obtained site amplifications at all stations

(Fig. 4a) and the source spectra of all events (Fig. 4b). The site

amplifications at a few stations are highlighted in color: LSS

(black) and NRCA (blue) are two of the stations constrained

by the results of Morasca et al. (2022); CLF (green) is installed

Figure 2. Spectral attenuation for the different subregions. Different colors represent the average attenuation over
frequency ranges as indicated in the legend. The color version of this figure is available only in the electronic edition.
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inside the Colfiorito basin; the amplifications at 1 Hz observed

for CLF have been extensively studied (Di Giulio et al., 2003)

and related to basin-induced Love waves. The result obtained

for these stations, together with the results for some other sta-

tions not discussed here, confirms the reliability of the source-

site decomposition.

The source spectra are fit in

a least-squares sense (Elzhov

et al., 2023) to a ω2 model to

estimate the seismic moment

M0 and the corner frequency

f c,

S�f � �
Ω

0

�1� �f =f c�
2�
, �2�

Ω
0 �

RθϕFV

4πρβ3
M0

rref
, �3�

r �
kβ

f c
, �4�

Δσ �
7

16

M0

r3
, �5�

in which we use, an average

radiation pattern Rθϕ � 0:55, a

free-surface amplification factor

F = 2, an equipartition energy

factor V = 1, an average density

ρ � 2700 kg=m3, and the refer-

ence distance rref � 8000 m. In

equation (4), we use k = 0.37

(Brune, 1970), and the stress

drop Δσ in equation (5) is com-

puted for a circular rupture with

uniform stress drop (Eshelby,

1957). For the shear-wave veloc-

ity β, we used the values from

the tomographic model of

Menichelli et al. (2023) by

applying a trilinear interpola-

tion to estimate the velocities

at the hypocentral locations.

Two additional constraints

are applied to compute the

source parameters. First, we

anchor the seismic moments to

the INGV moment tensor cata-

log (see Data and Resources) by

requiring that Mw on average

matches the INGV catalog in the magnitude range 3–5. By

anchoring Mw to the INGV catalog, we remove possible biases

introduced either by the average reference site amplification due

to the trade-off between source and site terms, and by the values

assumed for different constants in equation (3). The second con-

straint is to fix individual Mw above 5 to the INGV values. This

Figure 3. Difference for four selected frequencies between the logarithm of the attenuation obtained for each subregion
of Figure 1, shown in the upper left corner of the panels from (a) to (k), and the attenuation obtained without
introducing a spatial zoning. The color version of this figure is available only in the electronic edition.
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constraint is necessary because the bandwidth available for the

spectral fitting (i.e., 0.3–30 Hz) does not allow M0 and f c to be

resolved for large events (i.e., the correlation between M0 and f c
as computed from the covariance matrix approaches −1).

SOURCE PARAMETER RESULTS

Impact of regional attenuation
We first assess the impact of the regional attenuation models

on the source parameters. Figure 5 shows the ratios of the seis-

mic moment (Fig. 5a), the corner frequency (Fig. 5b), and the

stress-drop (Fig. 5c) values computed for the 11 polygons

(Fig. 1c) with respect to the values obtained without introduc-

ing the regional models. We recall that the segmentation is

introduced to allow the attenuation to capture regional vari-

ability but it is not applied to the sources. The reason why

the parameters shown in Figure 5 are divided per polygon

is to highlight the impact of considering or not different

attenuation models (trade-off between source and attenuation

terms). There is a clear influence of the regional models on all

the source parameters, especially for polygon GA, for which

the f c ratio is above 2 and the stress-drop ratio is above 10.

For some polygons, the Δσ ratio decreases with increasing

Δσ, such as for example in AQ (L’Aquila) and N1 (Gubbio and

Alto Tiberina area). Figure 5d shows that the trend of the Δσ

ratio for AQ is controlled by the hypocentral depth because

events with larger Δσ are located at greater depths. The source

scaling obtained is discussed subsequently, taking into account

the regional attenuation models to correct for propagation

effects.

Regional M0 − f c scaling and depth dependency
Figure 6 shows the M0 versus f c scaling for all polygons. The

comparison with the equal stress-drop lines indicates that the

scaling in the different polygons

differs both in terms of stress-

drop values and terms of slope.

To quantify the differences

in the scaling of Figure 6, we

first fit a linear model between

the logarithm of M0 and of f c,

that is,

log�M0� � a1 � b1 log�f c�,

�6�

in which values of the slope b1
other than −3 indicate devia-

tions from self-similarity.

Considering the whole data

set, the coefficients of the

best-fitting least-squares model

are a1 � 13:73� 0:01 and

b1 � −2:32� 0:01. The stan-

dard deviation of the residuals is 0.43 and the Akaike informa-

tion criterion (AIC) is AIC = 33122. The value of b1 indicates

that the average behavior of the whole population deviates from

a self-similar scaling, but Figure 6 shows that the stress-drop

values are spread over four decades.

Therefore, to account for the differences in scaling between

polygons, we perform mixed-effects regressions (Bates et al.,

2015) using the polygons as grouping factors, indicated in

the following as region of interest (ROI), for both the intercept

and slope of the model, that is,

log�M0� � a2 � b2 log�f c� � δaROI2 � δbROI2 , �7�

in which δaROI2 and δbROI2 are the polygon-dependent random

intercepts and slopes, respectively. The fixed effects of the

models are a2 � 13:92� 0:13 and b2 � −2:50� 0:14. The

AIC value is 29,359, indicating an improvement over the

model (equation 6). The random effects are shown in

Figure 7. The random slopes vary between ROIs with almost

all absolute values less than the self-similarity value: the values

for ROIs N1 and T1 (obtained by adding the random effects

δbROI2 to the slope b2 � −2:50) are the closest to self-similarity;

GA is the only one lower than −3; the slopes of ROIs T2, N4,

AM, AQ are close to −2.

To assess the role played by the depth, we perform another

mixed-effects regression for which the depth random effects are

nested in the ROI. The depth range is discretized in the follow-

ing intervals: [0,5], [5,10], [10,15], [15,20], [20,30], > 30 km;

then, we consider the following mixed-effects model:

log�M0� � a3 � b3 log�f c� � δa
ROI=DEPTH
3 � δb

ROI=DEPTH
3 ,

�8�

Figure 4. (a) Nonparametric site and (b) source spectra obtained with the spectral decomposition. The site ampli-
fications for CLF, NRCA, and LSS stations are shown in green, blue, and black, respectively. The color version of this
figure is available only in the electronic edition.
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in which δa
ROI=DEPTH
3 and δb

ROI=DEPTH
3 represent the random

effects for the DEPTH grouping factor nested in the ROI factor,

taking into account the intercept and slope, respectively. The

obtained fixed effects are a3 � 14:11� 0:11 and b3 � −2:74

�0:12, and the Akaike value of 21,390 indicates an improvement

over the model in equation (7). The random effects are shown in

Figure 8a,b for the ROI grouping factor, and Figure 8c,d for the

DEPTH nested within the ROI grouping factor. For most of the

ROIs, the depth-dependent random slope adjustments (Fig. 8c)

show a trend with depth, as highlighted in Figure 9 for six

selected ROIs. In most cases, the ROI-specific slope adjustment

decreases with increasing depth, with some ROIs showing large

variations (e.g., GA, CA, and AQ) whereas in other areas the

increase with depth is less pronounced (e.g., for AM and AD).

Figure 10 shows the scaling of Δσ with depth for the differ-

ent polygons. Each frame also shows the 10th, 50th, and

90th percentiles of quantile regression (Koenker, 2023).

Polygons showing an increasing trend with depth are mostly

in central Italy, in particular, N3 (a factor of 10 increase for the

median from the surface to 20 km depth) and AQ (about a

factor of 20); the trend is almost flat for AD and GA on

the Adriatic side, for T1 and T2 on the Tyrrhenian side,

and for N1 and N2 in the northern Apennines.

To study the lateral variability and with depth ofΔσ, we first

calibrate a model describing the scaling of Δσ withM0, that is,

log�Δσ� � c1 � c2Log�M0�: �9�

Figure 5. The ratio of source parameters obtained without regionalization to
those obtained with regionalization plotted against the values obtained with
regionalization (i.e., no-region/region vs. region): (a) seismic moment,
(b) corner frequency, and (c) stress drop. Panel (d) shows the stress-drop
results for region AQ with symbols filled according to depth. The color
version of this figure is available only in the electronic edition.
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Figure 6. Seismic moment versus corner frequency scaling for different sub-
regions (i.e., the polygons in Fig. 1). Colors encode the hypocentral depth.

The color version of this figure is available only in the electronic edition.
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The best-fitting least-squares model is described by

c1 � −4:46� 0:04 and c2 � 0:242� 0:004. The event-specific

residuals, denoted by ϵ , from the median predictions of the

model (equation 9) are used to map the spatial distribution

of the stress-drop anomalies ϵ , using an interpolation based

on ordinary kriging (Hiemstra et al., 2008). For the interpola-

tion, we considered events in the magnitude range 1.8–5 and

we masked unconstrained areas in the vertical sections. The

resulting vertical sections are shown in Figures 11 and 12.

DISCUSSION

In this study, we investigate the impact of considering different

attenuation models when performing the spectral decomposi-

tion to isolate the source spectra of earthquakes in central and

southern Italy. Previous studies have shown that the complex

tectonics characterizing this region results in a significant spa-

tial variability of attenuation both at regional (Castro et al.,

1999; Nardoni et al., 2021) and local (e.g., Lucente et al.,

2023) for polygon GA; (Talone et al., 2023) for AM and

CA; (Akinci et al., 2020) and (Gabrielli et al., 2023) for N3;

(Pisconti et al., 2015) for N2 and N3; (Piccinini et al., 2010)

for T1, N1, N2, AD spatial scales. Concerning the spatial vari-

ability of the attenuation from the point of view of ground-

motion modeling, both Kotha et al. (2020) and Brunelli

et al. (2023) confirmed that, at the regional scale, the seismic

attenuation is faster on the

Tyrrhenian side and slower

on the Adriatic side at high

frequencies.

The spectral decomposition

(Figs. 2, 3) captures well the spa-

tial variability of the attenuation

in the study area. We observe

fast attenuation at high frequen-

cies in polygons such as T1 and

N1 for which the heat flow is

high, and slow attenuation

along the Adriatic side. In par-

ticular, the attenuation is slow

in the GA polygon which

includes the outcrop of a

continental lithospheric block

belonging to Adria plate (i.e.,

the Gargano promontory),

where the seismicity occurs in

areas of high-intrinsic quality

factor Qi (Lucente et al.,

2023).

Considering the trade-off

between source and propaga-

tion contributions to ground

shaking, the introduction of

different spectral attenuation

models for the different polygons has a strong influence on

the source parameters. Figure 5 shows that the introduction

of different attenuation models reduces the corner frequencies

for GA by an average factor of about 2.5 and the stress drop by

a factor of about 10 with respect to the values obtained without

differentiating the attenuation between the polygons. Large

differences are also observed for some polygons in central

Italy, such as AQ and N1, for which the ratios for the largest

Δσ values fall below 0.3.

By correcting for attenuation to account for regional

differences, source scaling can be examined for each polygon.

Previous studies in Japan and California (Oth, 2013; Trugman

and Shearer, 2017) have shown that the scaling between M0

and f c can vary within a region or between seismic sequences.

For the dataset we have analyzed, we observe significant

differences in the scaling in the different polygons. For exam-

ple, the slope of the Log�M0� versus Log�f c� scaling shifts from

−2.3 when all events are analyzed without considering

differences in the scaling between the polygons (but using dif-

ferent attenuation corrections) to −2.5 when polygon-specific

adjustments are introduced as random effects on the intercept

and slope through a mixed-effects regression. When depth-

dependent adjustments are further introduced within each pol-

ygon, the slope of the average model becomes −2.7. Thus,

accounting for local differences in the source characteristics

Figure 7. Random effects for the model in equation (7) for different polygons (ROI). (a) Random effects on the slope
(δbROI2 in equation 7). (b) Random effects on the intercept (δaROI2 in equation 7, which has a slope of
b2 � −2:50� 0:14).
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has an effect on the median scaling. In our case, capturing the

variability between polygons and between different depths

within each polygon makes the median scaling between

Log�M0� and Log�f c� steeper approaching the self-similarity

value of −3. Furthermore, for almost all polygons, the

Figure 8. Random effects (a,c) δbROI=DEPTH3 and (b,d) δaROI=DEPTH3 for the model
in equation (8). Panels (a,b) show the random effects for the ROI grouping
factor; whereas panels (c,d) show the random effects for the depth interval
grouping factor nested within the ROI grouping.
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depth-dependent adjustments to the polygon-specific slope

show a systematic tendency to increase with depth, suggesting

that depth plays an important role in controlling the scaling

between M0 and f c.

Regarding the stress dropΔσ, there is an ongoing debate as to

whether we are able to capture its increase with depth or whether

the trade-off with the depth-dependent attenuation is the

motivation behind the apparent

trends found in some studies

(Goertz-Allmann and Edwards,

2013; Abercrombie et al., 2021).

Looking at the Δσ variability

with depth, we observe clear

trends in the median and in the

10th and 90th percentiles for

only a few polygons (e.g., N3,

AQ, Fig. 10), whereas other pol-

ygons show a less pronounced

or flat trend (e.g., AD, N1,

GA, and T2). However, even

for those polygons with a clear

trend, the values of Δσ for the

same depth span several deca-

des. The broad Δσ distributions

suggest that the lateral variabil-

ity may be large and make it dif-

ficult to identify trends with

depth, as has been also sug-

gested for California (Shearer

et al., 2022). Because Δσ

depends on M0, to avoid that

the spatial and depth trend of

M0 introducing biases in the

spatial distribution of Δσ, we

first fit a linear model to the

relationship between Log�Δσ�

and Log�M0�, and then we

examine the spatial distribution

of stress drop anomalies ϵ with

respect the median model.

Figures 11 and 12 show that

the highly variable lateral distri-

bution of ϵ dominates over the

trend with depth. As shown in

Figure 10, there are only a few

areas where there is a clear con-

trast between low shallow and

high deep ϵ values, such as

under point 7 of the B–B′ pro-

file in the lower panel of

Figure 11 (AQ polygon, where

the 2009Mw 6.1 L’Aquila earth-

quake occurred). The increase

with depth is also evident for polygon N3, which hosts the

2016 Amatrice–Visso–Norcia sequence, as shown in the middle

panel of Figure 12 (vertical A–A′ section), between points 4 and

5. The vertical A–A′ section in Figure 11 shows a clear lateral

contrast between T1 (positive ϵ ) and T2 (small or negative ϵ )

along the Tyrrhenian side, whereas the vertical B–B′ section

in Figure 12 shows the contrast between CA (Irpinia region,

Figure 9. Random effects for the depth-interval grouping factor nested in the ROI factors (see Fig. 8) considering six
different polygons of Figure 1 (i.e., results for GA, AD, N3, AQ, CA and AM are shown in panels from (a) to (f),
respectively). Depth interval and ROI are indicated on the vertical axis.
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points between 1 and 3) and GA (Gargano and Apulian foreland

region, points 4–6).

CONCLUSIONS

The determination of the source parameters is affected by large

epistemic uncertainties related to the strategies adopted to

remove the propagation effects and to model the source spectra.

In particular, the trade-off between source and propagation

effects makes the interpretation of the source scaling dependent

on the strategy adopted to correct for the attenuation effects. We

develop a spectral decomposition approach to isolate the source

spectra of earthquakes occurring in central and southern Italy

considering several local attenuation models to correct for

propagation effects. Taking into account the differences in

Figure 10. Stress-drop scaling versus depth for the different polygons of
Figure 1. The continuous lines represent the result of a quantile
regression (Koenker, 2023) performed for the 10th, 50th, and 90th
percentiles. The color version of this figure is available only in the
electronic edition.
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the attenuation between different areas allows us to study the

local characteristics of the scaling between seismic moment

and corner frequency, highlighting the role of depth in control-

ling the slope of the scaling. The spatial distribution of the stress-

drop anomalies, computed with respect to the values expected

for a given seismic moment, shows a large lateral variability,

consistent with the hetero-

geneity of the active tectonics

of Italy. Depth dependencies

of the stress drop are observed

only in a few areas, such as

those interested by the 2009

L’Aquila and 2016 Amatrice–

Visso–Norcia sequences and

we conclude that the large lat-

eral variability makes it difficult

to isolate stress-drop trends

with depth when large areas

are considered.

DATA AND RESOURCES

Analyses were performed using R

software (R Core Team, 2020) and

the Generic Mapping Tools (GMT;

Wessel et al., 2019). We used data

from the following networks: IV,

MN, TV, IT, RR, MZ, GE, BA, IX,

VD, OT, GU, ZH_2022, YR_2016,

3A_2016, 4A_2012, 7F_2021,

3H_2009, XJ_2009, YD_2018,

Y1_2022, and XO_2016, with full

citations available in Bindi et al.

(2024). The National Institute for

Geophysics and Volcanology

(INGV) bulletin is used to guide

the data download and retrieve the

moment magnitudes (https://

webservices.ingv.it/fdsnws/event/1).

We used data and information

retrieved from the European

Integrated Data Archive (EIDA;

https://www.orfeus-eu.org/data/

eida/), the Incorporated Research

Institutions for Seismology (IRIS;

https://www.iris.edu/hq/), and the

Italian Civil Protection Department

(http://ran.protezionecivile.it/EN/

index.php). All websites were last

accessed in May 2024. The supple-

mental material includes eight fig-

ures, Figures S1–S4 are about

quality of locations, Figures S5 and

S6 are about data distributions,

and Figures S6 and S7 are about path

coverage for the spectral decomposi-

tion. The results of this study (e.g., source parameters, random effects for

the different models, etc.) are available in Bindi et al. (2024).
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Figure 11. Vertical sections of stress-drop anomalies ϵ , computed as residuals with respect to the values predicted by
equation (9). Maps are generated using ordinary kriging (Hiemstra et al., 2008), and event locations are shown as
white dots, coordinates are given in UTM, zone 33, datum WGS84 (Pebesma and Bivand, 2005). In the lower
panel, the locations of the Mw 6.1 2009 L’Aquila, Mw 6 2016 Amatrice, Mw 6.5 Norcia, and Mw 5.9 Visso
earthquakes are indicated by labels. The color version of this figure is available only in the electronic edition.
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The supplemental material includes 8 Figures:

❼ Figure S1: Empirical Cumulative Density Functions (ECDF) of the
horizontal (red) and vertical (black) statistical location errors (Erh and
Erz, respectively) as estimated by the NLLoc software (Lomax et. al,
2000).

❼ Figure S2: ECDF of the total number of phases used for the locations
with NLLoc.

❼ Figure S3 ECDF of the source to station primary azimuthal gap for
each polygon.

❼ Figure S4 ECDF of the root mean square of the phase residuals (RMS)
associated with NLLoc locations.
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❼ Figure S5 shows the magnitude versus distance scatterplot for 2.5 Hz,
representing the data distribution available for each polygon of Figure
1;

❼ Figure S6 shows the variability of the number of stations, events and
records considered for the spectral decomposition at different frequen-
cies normalized to the 3.0 Hz values.

❼ Figure S7 shows the source to station path coverage for each polygon
of Figure 1, used to calibrate the spectral attenuation models for each
sub-region (the maximum hypocentral distance is 120 km).

❼ Figure S8 shows the source to station path coverage for each polygon
of Figure 1, used to separate the source and site terms (the maximum
hypocentral distance is limited to 60 km).
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Figure S1: Empirical Cumulative Density Functions (ECDF) of the hor-
izontal (red) and vertical (black) statistical location errors (Erh and Erz,
respectively) as estimated by the NLLoc software (Lomax et. al, 2000). The
red and black dotted lines indicate the 90th percentiles of the distribution.
Each panel shows the ECDF for one polygon of the segmentation in Figure
1.

3



Figure S2: ECDF of the total number of phases used for the locations with
NLLoc.Black and red dotted lines indicate the 50th and the 90th percentiles
of the distribution, respectively.
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Figure S3: ECDF of the source to station primary azimuthal gap for each
polygon. Black and red dotted lines indicate the 50th and the 90th percentiles
of the distribution, respectively.
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Figure S4: ECDF of the root mean square of the phase residuals associated
with NLLoc locations. Black and red dotted lines indicate the 50th and the
90th percentiles of the distribution, respectively.
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Figure S5: Number of spectral amplitudes as a function of local magnitude
and hypocentral distance, representing the data distribution available to per-
form the spectral decomposition at 3.0 Hz for each polygon in Figure 1.
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Figure S6: Variability of the number of stations, events and records consid-
ered for the spectral decomposition at different frequencies normalized to the
3.0 Hz values. At 3.0 Hz, the numbers are: 27817 earthquakes, 901 stations,
901228 spectral amplitudes.
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Figure S7: Source to station path coverage for each polygon of Figure 1,
used to calibrate the spectral attenuation models for each sub-region (the
maximum hypocentral distance is 120 km).
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Figure S8: Source to station path coverage for each polygon of Figure 1, used
to separate the source and site terms (the maximum hypocentral distance is
limited to 60 km).
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