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Abstract. Macroseismic intensity data are a fundamental
source of information for characterising historical earth-
quakes. This study presents a methodology to constrain the
sources of large earthquakes through the analysis and mod-
elling of macroseismic intensity data. The proposed work-
flow consists of three main stages: (1) the identification and
removal of outlier intensity data points; (2) the revision of
macroseismic earthquake parameters (epicentral location and
magnitude); and (3) the construction of three-dimensional
(3D) seismogenic sources, simulation of ground shaking in-
cluding site effects, and a subsequent residual analysis. The
key novelty lies in the detection of intensity outliers through
residual analysis between observed and predicted macroseis-
mic intensities using an intensity prediction equation (IPE).
The application of this workflow to a set of case studies
from the parametric catalogue of Italian earthquakes demon-
strates that the implemented approach allows the identifica-
tion of seismogenic sources for large to moderate magnitude
events, which are consistent with macroseismic data, geo-
logical structures and ground motion data, when available.
The results of this study can have direct implications for seis-
mic hazard assessment and shaking scenario modelling. The
proposed workflow can be systematically applied to recon-
struct the seismogenic sources of the strongest Italian histor-
ical earthquakes (Mw≥ 5.5).

1 Introduction

Macroseismic intensity is used to classify the level of shak-
ing caused by earthquakes based on qualitative observations
of its effects on people, buildings, and the environment, us-
ing standardised intensity scales (e.g., MCS, Sieberg, 1932;

MSK, Medvedev et al., 1964; EMS-98, Grünthal, 1998).
Among these, the Mercalli–Cancani–Sieberg (MCS) scale
and the European Macroseismic Scale 1998 (EMS-98) are
the most widely adopted in Italy. These scales consist of
twelve intensity degrees, each representing increasing sever-
ity of ground shaking based on observed effects. Macroseis-
mic intensity is associated with a specific earthquake and site
through geographic coordinates and constitutes a macroseis-
mic Intensity Data Point (IDP).

Macroseismic observations are widely used in earthquake
engineering applications for vulnerability modelling and for
the calibration of Intensity Prediction Equations (hereafter,
IPEs, e.g., Pasolini et al., 2008; Sørensen et al., 2009; Bindi
et al., 2011; Rotondi et al., 2016; Gomez-Capera et al., 2024;
Lolli et al., 2024), which estimate the expected macroseismic
intensity at any site based on parameters such as epicentral
distance and magnitude. Similarly, these data are used as in-
put to develop Ground Motion to Intensity Conversion Equa-
tions for a specific region (GMICEs, e.g., Gomez-Capera et
al., 2020; Oliveti et al., 2022), which relate ground motion
Intensity Measures (IMs) to macroseismic intensities or vice
versa. In this framework, macroseismic data are also used as
a reference for reconstructing the ground shaking distribution
of pre-instrumental events (e.g., Allen et al., 2008; Faenza et
al., 2013; Oliveti et al., 2024; Gironelli et al., 2023; Munafò
et al., 2024; Volatili et al., 2025). Moreover, the spatial dis-
tribution of IDPs (i.e., the macroseismic field) enables the
estimation of key earthquake parameters such as epicentral
location, magnitude, and depth (e.g., Gasperini and Ferrari,
1995, 2000; Bakun and Wentworth, 1997; Pettenati et al.,
1999; Gasperini et al., 1999, 2010; Provost and Scotti, 2020;
Sbarra et al., 2019, 2023).
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The physical dimensions and orientation of seismogenic
sources associated with large historical events can also be in-
ferred from the spatial distribution of IDPs. For Italy, apart
from the quantitative approach proposed by Gasperini et al.
(1999), which estimates source orientation and dimensions
from the spatial distribution of intensity data points (IDPs),
the association between historical earthquakes and their seis-
mogenic sources is generally based on qualitative interpreta-
tions (e.g., Albini and Rovida, 2010; Galli et al., 2010; Galli
and Pallone, 2019). The Database of Italian Seismogenic
Sources (DISS; Basili et al., 2008; DISS Working Group,
2025) provides hypotheses on the association between po-
tential seismogenic sources and historical earthquakes recon-
structed from geological and macroseismological data.

A few recent studies focus on individual earthquakes,
comparing shaking scenarios generated by known fault rup-
tures with the macroseismic evidence of major historical
events (e.g., Visini et al., 2009; Sgobba and Pacor, 2023;
Munafò et al., 2024). The limitation of the existing studies
is the lack of a validation with both macroseismic observa-
tions and geological constraints, and the analysis is restricted
to individual earthquakes without proposing a standardised
approach that can be systematically applied to an entire cata-
logue of historical events. In contrast, we propose a method-
ological workflow that can be systematically applied to in-
vestigate all the Italian past events, independently of their
size.

In Italy, IDPs are collected and organised in the Italian
Macroseismic Database (Database Macrosismico Italiano –
DBMI15; Locati et al., 2022), to provide a homogeneous
dataset for assessing earthquake parameters and compiling
the Italian Parametric Earthquake Catalogue (Catalogo Para-
metrico dei Terremoti Italiani – CPTI15; Rovida et al., 2020,
2022). In the CPTI15 catalogue, the parameterization of his-
torical events is based on the intensity dataset selected among
those archived in the Italian Archive of Historical Earthquake
Data (ASMI; Rovida et al., 2017, 2025) according to quality
criteria such as: (i) the completeness and spatial distribution
of IDPs; (ii) the methodological robustness of the original
study; and (iii) the reliability of the event interpretation (Lo-
cati et al., 2022). Given the extensive availability of high-
quality macroseismic data in Italy, this study leverages these
records to implement a comprehensive workflow for histor-
ical seismic source identification. This workflow includes
a pre-processing step followed by three stages: (i) recon-
struction of seismogenic sources; (ii) ground shaking sim-
ulations; and (iii) validation through residual analysis. The
pre-processing step detects possible outliers in macroseismic
intensity distributions to better constrain the reconstruction
of earthquake seismogenic sources.

The complete workflow is tested on three instrumental
earthquakes with different characteristics to explore the over-
all applicability of the method. These events are the 1984
Monti della Meta (Mw 5.8), the 1989 Prealpi Vicentine
(Mw 4.85), and the 2008 Parmense (Mw 5.36) earthquakes.

Subsequently, the approach is applied to a historical earth-
quake, the 3 June 1781 Cagli earthquake (Central Apen-
nines). For this event, seismogenic sources are reconstructed
from two alternative, but plausible and reliable, macroseis-
mic fields: the intensity distribution in DBMI15 (Monach-
esi, 1987) and the dataset from Guidoboni et al. (2018). This
allows a quantitative evaluation of the impact of different
datasets in terms of earthquake parameterisation and source
geometries.

The results of this study emphasise that the proposed
workflow, including the initial pre-processing of macroseis-
mic fields, can be a useful tool for reconstructing seismo-
genic sources consistent with macroseismic data and for gen-
erating realistic shaking scenarios, especially for past events.

2 Data selection and pre-processing

In the CPTI15 catalogue, the parametrisation of historical
earthquakes is performed using the Boxer code (Gasperini et
al., 1999, 2010), which is applied to the macroseismic field,
hereinafter referred to as the preferred dataset, provided in
DBMI15. Specifically, macroseismic epicentres and magni-
tudes are estimated using the “Method 0” implemented in
Boxer. This approach determines the epicentral location as
the barycentre of the sites experiencing the highest inten-
sities, and the magnitude is inferred as the average of the
magnitude estimates, for each intensity class, computed from
the area of the circular isoseismal with radius equivalent to
the average epicentre-to-site distance for that intensity level.
These magnitude values are calculated with the IPE by Si-
bol et al. (1987), which also considers epicentral intensity.
The final magnitude is then obtained as a weighted trimmed
mean of the independent estimates derived from all intensity
classes (see Gasperini et al., 2010, for further details). This
parametrisation strongly depends on the quantity and spatial
distribution of the input macroseismic data. In this work, a
set of 191 earthquakes was selected from CPTI15 as a test
dataset, with moment magnitudes (Mw) ranging between 5.5
and 7.0, occurring in the period 1117–2017 (Fig. 1a). This
magnitude threshold was chosen to focus on events associ-
ated with seismogenic sources capable of generating sub-
stantial ground shaking. The events selection was based on
the following criteria: (i) at least three associated IDPs, to
exclude poorly constrained macroseismic fields; (ii) inland
epicentres, as offshore events typically produce asymmet-
ric intensity distributions; and (iii) events occurred in ar-
eas where the seismogenic layer is shallower than 35 km,
consistent with the applicability range of the adopted IPE
(Gomez-Capera et al., 2024), which is calibrated for shal-
low crustal earthquakes. Overall, the final dataset comprises
31 656 macroseismic observations, forming the basis for the
subsequent analysis.

Only a subset of 24 recent events has instrumental esti-
mates of epicentre and magnitude, available in the CPTI15
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Figure 1. (a) Selected dataset of 191 earthquakes with Mw≥ 5.5 from the CPTI15 catalogue (Rovida et al., 2022). Square colours and sizes
are proportional to the earthquake magnitude. Green stars indicate the subset of 24 earthquakes for which instrumental solutions are available.
(b) Map of the main physiographic structures and tectonic lineaments of Italy (Bigi et al., 1989) cited in the text. Roman numerals (I to XX)
refer to the Italian administrative regions with the names detailed in the legend. Basemap source: Google Satellite imagery. Map data © 2015
Google.

or in ASMI; these events therefore provide a benchmark for
testing the methodology (Fig. 1a).

Before applying the methodology, we note that the input
dataset may include outliers, i.e., intensity observations that
are anomalously high or low with respect to the expected at-
tenuation pattern. To address this issue, a pre-processing step
was implemented to identify and remove such outliers us-
ing the IPE proposed by Gomez-Capera et al. (2024). Inten-
sity data exceeding three standard deviations of the model
(3σ ≈ 2.25 intensity units) are classified as outliers and dis-
carded, and the resulting macroseismic dataset is considered
(hereinafter referred to as the revised dataset). We adopted
a 3σ criterion to ensure a conservative filtering of macro-
seismic observations, aimed at identifying only the largest
discrepancies between observed and those predicted by the
model, while minimising the exclusion of potentially reli-
able intensity data. This choice also considers the inherent
uncertainty associated with macroseismic intensity, i.e. one
intensity degree, and related to its ordinal nature. The out-
lier removal is necessary since the best-fitting fault is identi-
fied through the analysis of residuals between observed and
predicted intensity values (based on the median predictions
of the adopted model). In this context, the presence of out-
liers in the macroseismic dataset may systematically bias the

residual distribution and, consequently, the inferred fault ge-
ometry.

To ensure the overall consistency of our procedure, we re-
compute earthquake parameters of the analysed earthquake
with the Boxer code, with the same settings as in CPTI15
(described in Rovida et al., 2020), starting from the revised
dataset. First, we tested the results of this pre-processing by
computing the earthquake parameters both including and ex-
cluding the identified outliers. For the subset of 24 events
with instrumental parameters, the difference between macro-
seismic and instrumental magnitudes is −0.12 for the pre-
ferred dataset and −0.13 for the revised dataset. Differences
between macroseismic and instrumental epicentral locations
are, on average, negligible.

The same analysis, performed on the full dataset of 191
earthquakes, shows that the two epicentral estimates are
generally consistent, with an average difference of approx-
imately 3 km. The comparison between magnitudes from the
preferred and revised macroseismic fields shows a mean de-
crease of 0.15 magnitude units, within the uncertainty range
of the Boxer estimates (e.g., 0.26 for pre-1900 events). These
results align with Antonucci et al. (2025), who demonstrated
that randomly varying intensities in the macroseismic fields
of DBMI15 by ±1 intensity degree, Boxer locations remain
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very stable with locations within 10 km in 83 % of cases
and magnitude differences within ±0.3 units in 87 % of the
cases. However, significant variations in earthquake location
and magnitude estimates (e.g.,> 20 km and> 0.3 magnitude
units) may lead to markedly different constraints on both the
spatial position and the extent of the causative rupture. With
this perspective, the pre-processing proves particularly ef-
fective in identifying macroseismic fields that require closer
scrutiny or, in some cases, exclusion from the analysis. For
completeness, Table S1 in the Supplement summarises the
comprehensive details for each selected event and the results
of the comparisons between solutions for the entire dataset.

The earthquakes that occurred on 25 December 1222, 4
September 1293, and 5 May 1990 show the largest epicen-
tral shifts of approximately 20, 30, and 43 km, respectively.
The 1222 and 1293 events are characterised by very few and
uncertain macroseismic effects distributed over wide areas,
maximum intensities documented at considerable distances
from the inferred source, and large azimuthal gaps.

We consider the 1990 Potenza earthquake as a clear ex-
ample of how IDPs identified as outliers can lead to a large
epicentral shift (43 km). Similarly, we consider the well-
documented 24 August 2016 Amatrice earthquake, charac-
terised by well-constrained instrumental parameters and a
documented seismogenic source (Tinti et al., 2016; DISS
Working Group, 2025).

The 5 May 1990 Potenza earthquake struck the South-
ern Apennines with a Mw 5.8 from the Global Centroid
Moment Tensor (GCMT; Dziewonski et al., 1981; Ekström
et al., 2012; http://www.globalcmt.org/CMTsearch.html, last
access: 10 September 2026). The Revised Bulletin of the
International Seismological Centre (ISC, 2025, http://www.
isc.ac.uk, last access: 10 September 2026) locates the epi-
centre slightly north of Potenza at [40.756° N, 15.843° E]
and the Italian Seismic Bulletin (Bollettino Sismico Ital-
iano, BSI; http://bollettinosismico.rm.ingv.it/, last access:
10 September 2026) at [40.682° N, 15.848° E], while the
CPTI15 adopts the location at [40.738° N, 15.741° E] of the
previous version of the ISC Bulletin (Fig. 2c). These dif-
ferences in instrumental locations, compared with more re-
cent events, are likely due to the limited density and hetero-
geneous configuration of the Italian National Seismic Net-
work at the time of the 1990 event, which was still un-
der development and only partially digitalised. The Boxer
method, applied to the macroseismic field from DBMI15
(Gasparini et al., 1991b; Fig. 2a), estimates the epicen-
tral location and magnitude as [40.710° N, 15.299° E] and
Mw 5.37, respectively. These solutions do not match any
of the available instrumental locations, and for this reason
it is not included in CPTI15. The pre-processing identified
116 intensity outliers within the macroseismic field (Fig. 2b).
Specifically, positive residuals exceeding 3 standard devi-
ations were concentrated in the Neapolitan area, very far
from the instrumental locations, in correspondence with the
highest intensity values (I = 6–7 and 7). According to An-

tonucci et al. (2026), these IDPs were overestimated due to
the cumulative damage caused by the 23 November 1980
earthquake (https://emidius.mi.ingv.it/CPTI15-DBMI15/eq/
19801123_1834_000, last access: 10 September 2026). Neg-
ative residuals were identified at large distances from the epi-
centre, particularly in southern Abruzzo, Molise, and Cal-
abria regions (Fig. 1b). After removing these outliers, the
recalculated macroseismic epicentre [40.591° N, 15.785° E]
shows a significant improvement, reducing the misfit with
the CPTI15-ISC2016 instrumental location from 37.3 km
to only 16.7 km, relocating the epicentre near the city of
Potenza (Fig. 2c). The recalculated macroseismic magnitude
(Mw 5.4) is significantly lower than the instrumental one
but higher than the Mw 5.19 estimated by Antonucci et al.
(2026).

A second example is the 24 August 2016 Amatrice earth-
quake, the triggering event of the Central Italy seismic se-
quence. The event was located by the BSI at [42.698° N,
13.233° E]. Different moment magnitude estimates are avail-
able: Mw 6.2 from the Regional Centroid Moment Tensor
(RCMT; Pondrelli, 2002; Pondrelli et al., 2002) and GCMT,
and Mw 6.0 from the Time Domain Moment Tensor (TDMT
INGV; Scognamiglio et al., 2006, http://terremoti.ingv.it/,
last access: 10 September 2026). The adopted macroseismic
field in DBMI15, derived from the field survey described in
Rossi et al. (2019; ROSAL019), consists of 221 IDPs with
intensities ranging from I = 2–3 up to I ≥ 9 in the EMS-
98 scale (Fig. 3a). From this macroseismic field the Boxer
epicentral location and magnitude estimates are [42.683° N,
13.277° E] and Mw 6.46, as reported in CPTI15. The pre-
processing identified 8 intensity outliers: two with positive
residuals and six with negative ones (Fig. 3b). After remov-
ing these outliers, the recalculated macroseismic epicentre
is [42.658° N, 13.288° E]. Both macroseismic epicentres are
consistent with the BSI instrumental location, differing by
just 3.9 and 6 km, respectively. This slight shift is related to
the removal of the IDP at Pescara del Tronto (I = 10), where
the observed damage was amplified due to the location on
pre-existing landslide deposits. Conversely, an improvement
is observed in the magnitude estimate: the recalculated value
(Mw 6.26) is notably lower and more consistent with the
instrumental ones. This difference in magnitude has signifi-
cant implications for the reconstruction of the seismic source,
since a magnitude of Mw 6.46 would imply a rupture area
of approximately 270 km2, which is inconsistent with the
portion of the fault system activated during the mainshock,
and with structural-geological data and DInSAR modelling
(∼ 180 km2; Lavecchia et al., 2016), as well as with the ob-
served rupture length of 20–25 km (Chiaraluce et al., 2017).
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Figure 2. The 5 May 1990 (Mw 5.8) Potenza earthquake. (a) Macroseismic intensity distribution of the BMING dataset (Bollettino Macro-
sismico ING) from Gasparini et al. (1991b). (b) Intensity residuals (blue= positive; red= negative) between BMING observations and
predictions from the IPE of Gomez-Capera et al. (2024), where crosses indicate the 116 identified outliers. (c) Comparison of epicentral
locations: red, orange, and brown stars represent the instrumental epicentral solutions from CPTI15-ISC 2016 (International Seismological
Centre, 2016), ISC 2025 (International Seismological Centre, 2025), and BSI, respectively. Blue and light blue stars indicate the macroseis-
mic epicentres derived with Boxer from the preferred (BMING) and revised macroseismic fields. Maps in panels (a) and (c) are derived
from the CPTI15-DBMI15 catalogue, which uses the TINITALY Digital Elevation Model as background. CPTI15-DBMI15 data courtesy of
INGV. © INGV. All rights reserved.

3 Seismogenic source reconstruction: methodological
workflow

This section describes the integrated methodological work-
flow for seismogenic source reconstruction, which follows
the initial pre-processing step and consists of three stages,
as summarised in Fig. 4. In stage 1, we estimated earth-

quake parameters using the Boxer code (Gasperini et al.,
1999, 2010) based on the revised macroseismic fields, and in
stage 2, we used these parameters to reconstruct the seismo-
genic sources. Fault dimensions (length and width) are cal-
ibrated according to the scaling relationships by Wells and
Coppersmith (1994). Although these empirical relations are
widely adopted, source dimensions are indirectly inferred
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Figure 3. The 24 August 2016 (Mw 6.18) Amatrice earthquake. (a) Macroseismic intensity distribution of the ROSAL019 dataset from Rossi
et al. (2019). (b) Intensity residuals between ROSAL019 observations and predictions from the adopted IPE. Blue crosses indicate intensity
outliers with positive residuals (Pescara del Tronto and Amatrice, I = 10), whereas red crosses indicate outliers with negative residuals
(Terracino, I = 5–6; Castel S. Maria, Cittareale, Savelli, and Valcaldara, I = 5). The map in panel (a) is derived from CPTI15-DBMI15 and
uses the TINITALY DEM as background. CPTI15-DBMI15 data courtesy of INGV. © INGV. All rights reserved.

from estimated macroseismic magnitudes and may be af-
fected by the intrinsic variability of the scaling relationships.
In addition, for each source geometry, we defined credi-
ble parameters (e.g., strike, dip, rake, focal depth, and rup-
ture vertices) by integrating data from several authoritative
repositories: the Italian Seismic Bulletin (BSI; BSI Working
Group, 2015), the Catalogue of Absolute Locations (CLASS;
Latorre et al., 2022, 2023), the Engineering Strong-Motion
Database (ESM; Luzi et al., 2020), the DISS database (Basili
et al., 2008; DISS Working Group, 2025, version 3.3.1), and
the ITaly HAzard from CApable faults catalogue (ITHACA
Working Group, 2019).

The 3D source geometries are modelled as rectangular
planes centred on the hypocentre. We simulate ground shak-
ing including site effects using the ITA18 Ground Motion
Model (GMM; Lanzano et al., 2019) by hypothesising vari-
able hypocentral depths and considering the rupture dis-
tance (Rrup) as the source-to-site metrics. The resulting
ground motion parameters (peak ground acceleration, PGA,
and peak ground velocity, PGV), expressed in log10 units,
are then converted into intensity values using two distinct
GMICEs: Gomez-Capera et al. (2020; GOM20) and Oliveti
et al. (2022; OLI22).

While both equations generally align with the observed
data, the quadratic formulations of OLI22 equations tend to

exhibit a flattening effect of the regression curves for PGV
greater than 5 cm s−1 and PGA larger than 100 cm s−2,which
may lead to a systematic underestimation of the highest
macroseismic degrees than GOM20 (see Figs. 6 and 7 in
Oliveti et al., 2022).

To identify the “best-fitting” seismogenic source (stage 3),
we perform residual analyses of observed and predicted in-
tensities (or PGA/PGV values when accelerometric record-
ings are available). Specifically, we compute the residuals
for intensities derived from PGV, as this measure correlates
most effectively with damage distribution and macroseismic
intensity (Akkar and Özen, 2005; Munafò et al., 2024; Tang
et al., 2019; Gomez-Capera et al., 2020). Finally, the best-
fitting source is the one that minimises the mean of the resid-
uals (Between-Event, BE) and their root-mean-square error
(RMSE). Thresholds of±0.5 for the BE and 1 for the RMSE
are identified in intensity units to consider a source as reli-
able. These thresholds are chosen to maintain an acceptable
comparison between observed and predicted intensity values
and considering the intrinsic uncertainty of macroseismic in-
tensity data (±1 intensity degree). A BE error of ±0.5 repre-
sents a conservative criterion, corresponding to a maximum
discrepancy of only half an intensity degree compared to the
observed value.
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Figure 4. Schematic representation of the integrated workflow adopted for seismogenic source reconstruction, including the macroseismic
data pre-processing step. Dashed blue arrows indicate that the revised macroseismic field serves as the primary input to Stage 1, while
the results from Stage 3 are iteratively used to validate and refine the 3D source geometry. Notes: GMM, Ground Motion Model; GMICEs,
Ground Motion to Intensity Conversion Equations; BE, Between-Event error; RMSE, Root Mean Square Error; GOM20, conversion equation
by Gomez-Capera et al. (2020); OLI22, conversion equation by Oliveti et al. (2022).

This approach allows us to generate multiple shaking sce-
narios and evaluate their consistency against three key bench-
marks: (i) the observed macroseismic field; (ii) recorded in-
strumental data (when available); and (iii) geological evi-
dence.

3.1 Test on instrumental events

To evaluate the effectiveness and robustness of the workflow
of Fig. 4, we applied and tested it on three events charac-
terised by instrumental metadata, chosen for their different
characteristics. Specifically, the selected case studies are
characterised by different magnitudes, robust macroseismic
fields (> 50 IDPs), and debated or poorly constrained
seismogenic sources. These events include the 1984 Monti
della Meta earthquake with Mw 5.86, (https://emidius.
mi.ingv.it/CPTI15-DBMI15/eq/19840511_1042_000, last
access: 10 September 2026), the 1989 Prealpi Vicentine with
Mw 4.85 (https://emidius.mi.ingv.it/CPTI15-DBMI15/eq/
19890913_2153_000, last access: 10 September 2026), and
the 2008 Parmense earthquakes (Mw 5.36; https://emidius.
mi.ingv.it/CPTI15-DBMI15/eq/20081223_1524_000, last
access: 10 September 2026).

For the 1984 and the 2008 earthquakes, our analysis is also
supported by accelerometric recordings from the Italian Ac-
celerometric Archive (ITACA) v4.0 (Felicetta et al., 2023),
which provide a further validation for the reconstructed seis-
mogenic sources in addition to macroseismic and geologic
constraints. The main features of these analysed events are
summarised in Table 1.

3.1.1 The 1984 Monti della Meta earthquake

The 7 May 1984 earthquake was the mainshock of a
seismic sequence that affected the Abruzzo–Lazio area

(Fig. 1b). The instrumental epicentral location and magni-
tude reported by the CPTI15 catalogue for this event are
[41.665° N, 13.820° E] and Mw 5.86, based on CSTI1.1
(https://doi.org/10.13127/csti.1.1, Gruppo di Lavoro CSTI,
2005) and GCMT, respectively. CPTI15 also reports the
macroseismic epicentral location and magnitude, which are
[41.667° N, 14.057° E] and Mw 5.73, respectively.

The preferred macroseismic field in DBMI15, de-
rived from the Catalogue of Strong Earthquakes in Italy
(CFTI4med, Guidoboni et al., 2007), consists of 911 IDPs
with intensities ranging from 2–3 to 8 MCS (Fig. 5a).
The application of the pre-processing procedure on the pre-
ferred macroseismic field identified and removed 30 out-
liers, reducing the dataset to 881 IDPs. In this case, the re-
calculated parameters after the pre-processing remain un-
changed, as the removed IDPs correspond to the lowest ob-
served intensities. Although this event was instrumentally
recorded, the hypocentral parameters reported by different
seismic catalogues vary considerably. The macroseismic epi-
centre estimate differs by about 20 km from the instrumen-
tal locations provided by CSTI1.1, CLASS, and the Ital-
ian Seismicity Catalogue (Catalogo della Sismicità Italiana
– CSI1.1; Castello et al., 2006, https://csi.rm.ingv.it/, last ac-
cess: 10 September 2026). Conversely, the estimated macro-
seismic magnitude (Mw 5.73) is consistent with the instru-
mental estimates.

To identify the best-fitting seismogenic source (i.e., the
fault plane that minimises the misfit between observed and
predicted intensities), we generated a set of 9 alternative
sources by combining the instrumental solutions provided
by CPTI15 (from CSTI1.1) and CLASS and the macroseis-
mic location and magnitude estimate, with three different
hypocentral depths: 6.5 km (CLASS), 11.20 km (CPTI15),
and 20.5 km (CSI1.1), as shown in Table 2. For each configu-
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Table 1. Summary of the selected case studies. Event ID, Event date, Time, and Epicentral Area are obtained from the CPTI15 cata-
logue (Rovida et al., 2022). Instrumental data indicate the availability of independent instrumental parameters (M= instrumental mag-
nitude; H= hypocentral depth; W= accelerometric recordings). Focal mechanism indicates the fault kinematics (NF= normal fault;
TF= thrust/reverse fault; SS= strike-slip fault).

Event ID Event date Time Epicentral Area Instrumental Focal
(UTC) data mechanism

19840507_1749_000 7 May 1984 17:50:– Monti della Meta M/H/W NF
19890913_2153_000 13 September 1989 21:54:01 Prealpi Vicentine M/H SS
20081223_1524_000 23 December 2008 15:24:21 Parmense M/H/W TF

Figure 5. The 7 May 1984 (Mw 5.86) Monti della Meta earthquake. (a) Macroseismic intensity distribution of the CFTI4med dataset from
Guidoboni et al. (2007). (b) Tested fault geometries as coloured rectangles; Red lines represent capable faults from the ITHACA database
(ITHACA Working Group, 2019). Red, green, and blue stars represent the instrumental epicentral solutions from CPTI15 (CSTI1.1), CLASS,
and the macroseismic epicentre, respectively. The map in panel (a) is derived from the CPTI15-DBMI15 catalogue, which uses the TINITALY
DEM as background, whereas panel (b) is generated using the Esri Shaded Relief basemap. Sources: Esri | Powered by Esri.

ration, we constructed a virtual box representing the 3D seis-
mogenic source, assuming a NW–SE-oriented, W-dipping
normal fault, in agreement with the literature (e.g., Westaway
et al., 1989; Boncio et al., 1998).

At this stage, the workflow consists of generating shaking
scenarios for each source using the ITA18 GMM (Lanzano
et al., 2019) to predict PGA and PGV. The simulated PGV
values were converted into macroseismic intensity using the
GOM20 and OLI22 equations. Subsequently, we compared
the observed macroseismic intensities with the predicted
ones by computing the BE residuals and their (RMSE). Addi-
tionally, since accelerometric recordings are available for this
earthquake, we also calculated the residuals between the pre-
dicted ground motion parameters (PGA and PGV, in log10
units) and the logarithm of the values recorded at stations re-
ported in ITACA (Felicetta et al., 2023).

The results of these residual analyses are summarised in
Table 3. Among the tested source configurations, the one that
minimises residuals in terms of macroseismic intensities cor-
responds to the code META_004, that is generated using the
CLASS hypocentral location and the GCMT moment mag-
nitude and has a length of 10.9 km, and a width of 7.5 km
(Table 2 and Fig. 5b). This solution is further supported by
the validation performed against accelerometric recordings;
specifically, we observed that the RMSELogPGA of 0.33 is of
the same order as the standard deviation of the ITA18 GMM
(e.g., 0.336), the same occurs for BELogPGA (e.g., 0.16 in
ITA18), RMSELogPGV (e.g., 0.29 in ITA18), BELogPGV (e.g.,
0.13 in ITA18).

The source META_004 also exhibits the best overall
agreement with the geological lineaments mapped in the
study area, since its surface projection aligns with the
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Table 2. Instrumental earthquake parameters for the 1984 Monti della Meta earthquake, derived from CPTI15 (Rovida et al., 2022) and
CLASS (Latorre et al., 2022) catalogues, and macroseismic estimates derived using Boxer (Gasperini et al., 2010). The tested seismogenic
source configurations based on different parameter combinations are also reported.

Reference earthquake Data Type Epicentre [Lat, Lon] Mw Strike/Dip/ Length Width Depth Tested
parameters Rake (°) (km) (km) (km) Source

CPTI15 Instrumental [41.665° N, 13.820° E] 5.86 145/50/−90 10.4 7.3 6.5 META_001
(Rovida et al., 2022) CSTI1.1 GCMT 11.2 META_002

20.5 META_003

CLASS Instrumental [41.713° N, 13.833° E] 5.90 145/50/−90 10.9 7.5 6.5 META_004
(Latorre et al., 2022) GCMT 11.2 META_005

20.5 META_006

Boxer method Macroseismic [41.667° N, 14.057° E] 5.73 145/50/−90 8.7 6.6 6.5 META_007
(Gasperini et al., 2010) Pref/Rev Pref/Rev 11.2 META_008

20.5 META_009

Table 3. Residual analysis for the tested seismogenic sources, relevant to the 1984 Monti della Meta earthquake. Between-Event error
(BEI) and the root-mean-square error (RMSEI) are obtained from PGV using the GOM20 and OLI22 conversion equations. BELogPGA,
RMSELogPGA, BELogPGV, and RMSELogPGV are calculated as the mean difference between the base-10 logarithms of observed and pre-
dicted peak ground acceleration and velocity. The asterisk indicates the best-fitting seismogenic source.

Reference Source BEI–RMSEI BEI–RMSEI BELogPGA RMSELogPGA BELogPGV RMSELogPGV
parameters (GOM20) (OLI22) (cm s−2) (cm s−2) (cm s−1) (cm s−1)

CPTI15 META_001 0.41–0.80 0.64–0.92 −0.20 0.37 −0.08 0.34
META_002 0.45–0.79 0.67–0.93 −0.23 0.37 −0.11 0.33
META_003 0.55–0.83 0.76–1.00 −0.30 0.39 −0.17 0.34

CLASS META_004∗ 0.35–0.74 0.57–0.86 −0.19 0.33 −0.07 0.32
META_005 0.39–0.74 0.61–0.88 −0.22 0.33 −0.09 0.32
META_006 0.48–0.79 0.69–0.95 −0.28 0.37 −0.15 0.33

Boxer META_007 0.54–0.89 0.76–1.02 −0.35 0.45 −0.24 0.39
(Pref/Rev) META_008 0.58–0.88 0.8–1.04 −0.37 0.46 −0.26 0.40

META_009 0.69–0.95 0.89–1.11 −0.43 0.50 −0.31 0.42

Barrea–Castelnuovo fault system, as mapped in the ITHACA
database of capable faults (https://sgi.isprambiente.it/ithaca/
viewer/, last access: 10 September 2026), and agrees with
previous studies of the 1984 Abruzzo–Lazio seismic se-
quence (Boncio et al., 1998; Pace et al., 2002). Among the
sources derived from macroseismic parameters (Table 2), the
META_007 source exhibits the lowest BE error (BEI= 0.54)
and RMSEI (0.89). Although these values are broadly consis-
tent with the adopted thresholds for selecting the best-fitting
source, the surface projection of the META_007 fault trace
shows poor consistency with the known geological structures
in the area.

3.1.2 The 1989 Prealpi Vicentine earthquake

The 13 September 1989 earthquake occurred north of Schio
in the Veneto region (Northern Italy; Fig. 1b). The instru-
mental location and magnitude provided by CPTI15 for
this event are [45.882° N, 11.264° E], based on OGS-BFVG
(Bollettino della Rete Sismometrica del Friuli Venezia Giu-

lia, http://www.crs.inogs.it/bollettino/RSFVG/, last access:
10 September 2026) and a Mw 4.85 (RCMT; Pondrelli et
al., 2006). In addition, the Boxer-derived epicentral location
is [45.870° N, 11.172° E] and the Mw equal to 4.99, respec-
tively. The adopted macroseismic field consists of 779 IDPs
spread over a wide area covering the southern Alps, Veneto
and the Po plain (see Fig. 1b), with the light damage reported
at two villages, Posina and Besenello, evaluated as inten-
sity of 6–7 MCS (Bollettino Macrosismico ING; Gasparini et
al., 1991a; Fig. 6a–b). The application of the pre-processing
to this macroseismic field reduced the dataset to 766 IDPs.
The removed outliers do not significantly affect the computa-
tion of epicentral location and magnitude. The Boxer-derived
earthquake parameters remain unchanged in terms of magni-
tude (Mw 4.99), while the epicentral location shifts by about
4 km to [45.896° N, 11.215° E].

From a seismotectonic perspective, the 1989 earthquake
was the largest instrumentally recorded event that occurred
along the Schio–Vicenza Fault System (SVFS) in North-
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Figure 6. The 13 September 1989 (Mw 4.85) Prealpi Vicentine earthquake. (a) Macroseismic intensity distribution of the BMING dataset
from Gasparini et al. (1991a). (b) Tested source configurations (coloured lines) corresponding to vertical fault planes (dip= 90°). Red
lines represent capable faults from ITHACA database. Red, green, and blue stars represent the instrumental epicentral solutions from
CPTI15 (OGS-BFVG), CLASS, and the macroseismic epicentre, respectively. The map in panel (a) is derived from the CPTI15-DBMI15,
which uses the TINITALY DEM, whereas panel (b) is generated using the Esri Shaded Relief basemap. Sources: Esri | Powered by Esri.

Table 4. Instrumental earthquake parameters for the 1989 Prealpi Vicentine earthquake, derived from CPTI15 and CLASS catalogues, and
macroseismic estimate derived using Boxer. The tested seismogenic sources are also reported.

Reference earthquake Data Type Epicentre [Lat, Lon] Mw Strike/Dip/ Length Width Depth Tested
parameters Rake (°) (km) (km) (km) Source

CPTI15 Instrumental [45.882° N, 11.264° E] 4.85 146/90/−179 2.6 3.4 9.0 VIC_001
(Rovida et al., 2022) OGS-BFVG RCMT 12.3 VIC_002

25.0 VIC_003

CLASS Instrumental [45.874° N, 11.134° E] 4.85 146/90/−179 2.6 3.4 9.0 VIC_004
(Latorre et al., 2022) RCMT 12.3 VIC_005

25.0 VIC_006

Boxer method Macroseismic [45.896° N, 11.215° E] 4.99 146/90/−179 3.2 3.8 9.0 VIC_007
(Gasperini et al., 2010) Rev Rev 12.3 VIC_008

25.0 VIC_009

ern Italy, a complex transverse structure composed of a set
of NW–SE-trending and NE-dipping high-angle faults. The
main fault of the SVFS is the Schio-Vicenza Lineament
(SVL; Fig. 6b), a NW–SE, 120 km-long, subvertical strike-
slip fault, which bounds to the east the Southern Alps (e.g.,
Castaldini and Panizza, 1991; Viganò et al., 2008; Vannoli et
al., 2015; Zampieri et al., 2021). As reported by Vannoli et
al. (2015) and Zampieri et al. (2021), the source of this event
could be associated with a segment of the northern portion of
the SVL. This is also supported by the focal mechanism from
the RCMT (Pondrelli et al., 2006), which indicates a right-
lateral strike-slip motion with strike (146°; 56°), dip (90°;

89°), and rake (− 178°; 0°). Although the scientific commu-
nity generally agrees on the kinematics and the associated
seismogenic source of this event, several instrumental solu-
tions are available from different catalogues. For this reason,
we tested several earthquake parametrisations to identify the
source configuration that best fits the observed data and the
geological fault system identified in the literature.

We generated 9 alternative seismogenic sources by consid-
ering both the instrumental solutions and the Boxer-derived
macroseismic estimate. Specifically, we selected as repre-
sentative solutions the instrumental locations provided by
CPTI15 (from OGS) and CLASS, together with the moment
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Table 5. Residual analysis (BEIand RMSEI) for the tested seismo-
genic sources of the 1989 Prealpi Vicentine earthquake. The asterisk
indicates the best-fitting seismogenic source among the considered
models.

Reference Source BEI–RMSEI BEI–RMSEI
parameters (GOM20) (OLI22)

CPTI15 VIC_001 0.88–1.04 0.87–1.01
VIC_002 0.91–1.06 0.89–1.02
VIC_003 1.05–1.16 1.01–1.11

CLASS VIC_004 0.90–1.05 0.90–1.02
VIC_005 0.92–1.06 0.92–1.04
VIC_006 1.04–1.14 1.02–1.12

Boxer (Rev) VIC_007∗ 0.69–0.88 0.74–0.89
VIC_008 0.72–0.89 0.76–0.90
VIC_009 0.87–0.99 0.89–0.99

magnitude (Mw 4.85) from the RCMT. For each configura-
tion, we assumed a strike-slip fault geometry (strike= 146°,
dip= 90°, rake=−179°), and three different hypocentral
depths: 9 km (OGS), 12.3 km (CLASS), and 25 km to explore
a deeper source (Table 4).

Since no accelerometric recordings are available for this
event in the ITACA database, the analysis was therefore
based only on the comparison between observed and pre-
dicted macroseismic data. Sources based on the CLASS
instrumental parameters (e.g., VIC_004, VIC_005, and
VIC_006) exhibit the largest BEI and RMSEI values, while
the sources based on the instrumental parameters provided
by the CPTI15 (i.e., OGS) provide intermediate results. In
addition, an increase in BEI and RMSEI values is observed
for source geometries with hypocentral depths larger than
15 km (e.g., VIC_003, VIC_006, and VIC_009), suggesting
that this event could be originated at relatively shallow depths
(∼ 9–12 km). The sources derived from the Boxer macroseis-
mic estimation show generally lower BEI and RMSEI values
for both the GOM20 and OLI22 conversion equations.

From a geological perspective, among the tested source
configurations, both the solutions based on CLASS instru-
mental parameters and those derived from macroseismic
data are located close to the Schio–Vicenza Lineament, as
mapped in the ITHACA database (Fig. 6b), which has been
proposed in the literature as the potential causative structure
for this event (e.g., Zampieri et al., 2021).

Although none of these sources fully satisfy the adopted
selection thresholds, the lowest residuals are obtained for
sources VIC_007 and VIC_008, corresponding to Boxer-
derived epicentral location and magnitude with hypocen-
tral depths of 9 and 12.3 km, respectively (Table 5). De-
spite the BEI being slightly higher than the adopted
threshold (BEI= 0.69) and the RMSEI being close to 1
(RMSEI= 0.88), we identified the VIC_007 geometry as the
best-fitting source.

3.1.3 The 2008 Parmense earthquake

The 23 December 2008 Parmense earthquake struck
the Emilia Romagna region (see Fig. 1b) between the
provinces of Reggio Emilia and Parma (Fig. 7a). The in-
strumental location and magnitude provided by CPTI15
for this event are [44.544° N, 10.345° E], based on BSI
(http://bollettinosismico.rm.ingv.it) and a Mw 5.36, based
on TDMT INGV (https://doi.org/10.13127/TDMT, Scog-
namiglio et al., 2006), harmonised to RCMT according to
Lolli et al. (2020). The macroseismic epicentre and mag-
nitude provided by CPTI15 are [44.609° N, 10.261° E] and
Mw 5.17, respectively. The adopted macroseismic field (Er-
colani et al., 2009), consists of 291 IDPs with intensities
ranging from 2 to 6–7 in the MCS scale (Fig. 7a). The ap-
plication of the pre-processing did not modify the dataset;
therefore, the Boxer-derived earthquake parameters remain
unchanged.

From a seismotectonic perspective, this earthquake af-
fected a sector of northern Apennines (see Fig. 1b) charac-
terised by compressional tectonics and by a relatively high
seismicity rate. In this region, shallow earthquakes are gen-
erally located along the highest peaks of the range, while
deeper events (> 10 km) occur in the outer sectors. Accord-
ing to BSI, the hypocentre of this event was located at a
depth of about 23 km. Regarding the seismogenic source of
the event, the DISS database attributed it to an Individual
Seismogenic Source (ISS) labelled “ITIS135 Neviano degli
Arduini”. This ISS represents a reverse faulting (strike= 98°,
dip= 55°, and rake= 79°) based on the focal mechanism so-
lution from the RCMT (Pondrelli et al., 2006).

For this event, the hypocentral parameters reported by BSI
and CLASS are overall consistent in terms of location, mag-
nitude, and depth. The instrumental locations differ by only
2 km, and the corresponding hypocentral depths are 22.9 km
(BSI) and 19.6 km (CLASS). Additionally, ground motion
recordings are available at 35 stations from the ITACA
database (Felicetta et al., 2023). Despite this general agree-
ment among the instrumental solutions, the application of our
workflow allows us to explore which source configuration is
most consistent with the available accelerometric recordings,
macroseismic data, and geological constraints.

In this case, we generated three virtual seismogenic
sources by considering the instrumental parameters provided
by CPTI15 (from BSI) and CLASS, together with the macro-
seismic estimate (Table 6). For each source configuration,
we assumed a S-dipping reverse source geometry, consistent
with the “ITIS135” proposed by the DISS database.

The results of the residual analyses (Table 7) show
that both PARM_001 and PARM_002 satisfy the adopted
thresholds for the identification of the best-fitting source.
PARM_001 is based on the CPTI15-BSI instrumental so-
lution, whereas PARM_002 derives from the CLASS solu-
tion. Both configurations minimise the residuals for macro-
seismic intensities, indicating a good agreement between ob-
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Figure 7. The 23 December 2008 (Mw 5.36) Parmense earthquake. (a) Macroseismic intensity distribution of the ERCAL009 dataset from
Ercolani et al. (2009). (b) Tested source configurations (coloured rectangles). Red lines represent capable faults from ITHACA. The orange
shaded area represents the Composite Seismogenic Source (CSS) “ITCS046”, while the grey rectangle represents the “ITIS135 Neviano
degli Arduini” proposed by the DISS database (DISS Working Group, 2025). Red, green, and blue stars represent the instrumental epicentral
solutions from CPTI15 (BSI), CLASS, and the macroseismic epicentre, respectively. The map in panel (a) is derived from the CPTI15-
DBMI15, which uses the TINITALY DEM, whereas panel (b) is generated using the Esri Shaded Relief basemap. Sources: Esri | Powered
by Esri.

Table 6. Instrumental earthquake parameters for the 2008 Parmense earthquake, derived from CPTI15 and CLASS catalogues, and macro-
seismic estimate derived using Boxer. The tested seismogenic source configurations are also reported.

Reference earthquake Data Type Epicentre [Lat, Lon] Mw Strike/Dip/ Length Width Depth Tested
parameters Rake (°) (km) (km) (km) Source

CPTI15 Instrumental [44.544° N, 10.345° E] 5.36 98/55/79 5.2 5.0 22.9 PARM_001
(Rovida et al., 2022) BSI TDMT

CLASS Instrumental [44.552° N, 10.366° E] 5.36 98/55/79 5.2 5.0 19.6 PARM_002
(Latorre et al., 2022) TDMT

Boxer method Macroseismic [44.609° N, 10.261° E] 5.17 98/55/79 4.0 4.4 22.9 PARM_003
(Gasperini et al., 2010) Pref/Rev Pref/Rev

Table 7. Residual analysis (BEI and RMSEI) for the tested seismogenic sources of the 2008 Parmense earthquake. The table also reports the
BE, calculated as the mean difference between the base-10 logarithms of observed and predicted peak ground motions, and RMSE from the
validation against instrumental recordings. The asterisk indicates the best-fitting seismogenic source among the considered models.

Reference Source BEI–RMSEI BEI–RMSEI BELogPGA RMSELogPGA BELogPGV RMSELogPGV
parameters (GOM20) (OLI22) (cm s−2) (cm s−2) (cm s−1) (cm s−1)

CPTI15 PARM_001∗ 0.53–0.78 0.64–0.80 −0.05 0.34 0.00 0.26
CLASS PARM_002 0.45–0.76 0.54–0.75 −0.04 0.34 0.01 0.26
Boxer (Pref/Rev) PARM_003 0.85–1.01 0.84–0.96 −0.22 0.39 −0.19 0.30
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served and predicted data. Consistently, the comparison be-
tween predicted ground motion parameters and recorded ac-
celerometric data (PGA and PGV, in log10 units) shows com-
parable results for both source configurations. In particular,
RMSELogPGV and RMSELogPGA values are 0.26 and 0.34, re-
spectively, which are in line with the standard deviation of the
ITA18 GMM (0.29 for PGV and 0.33 for PGA). However,
PARM_001 is selected as the best-fitting seismogenic source,
as it is consistent with the seismogenic source “ITIS135 Ne-
viano degli Arduini” reported in the DISS database (Fig. 7b).
In contrast, the PARM_003 source geometry, derived from
macroseismic data, does not satisfy the adopted thresholds
for either of the tested conversion equations (BEI> 0.5 and
RMSEI> 1; Table 7), indicating a poorer agreement between
observed and predicted intensities.

3.2 Application to a historical event: The 1781 Cagli
earthquake

For the application of the proposed workflow to a
historical event, we selected the 3 June 1781 Cagli
earthquake (https://emidius.mi.ingv.it/CPTI15-DBMI15/eq/
17810603_0000_000, last access: 10 September 2026). This
earthquake was one of the largest and most damaging events
that affected the Marche internal region in the last centuries
(Fig. 1a–b).

Among the historical earthquakes included in our dataset,
this event is characterised by the absence of a clear and
unique seismotectonic interpretation. For this reason, it rep-
resents an appropriate case study to illustrate the application
of the workflow to a historical event, i.e., where instrumen-
tal data are unavailable. In addition, it offers the opportunity
to explore the influence of an alternative macroseismic field
selected from those archived in the Italian Archive of Histor-
ical Earthquake Data (ASMI; Rovida et al., 2017, 2025) on
the identification of the best seismogenic source.

According to CPTI15, the Boxer-derived epicentral lo-
cation and magnitude of the 1781 Cagli earthquake are
[43.596° N, 12.512° E] and Mw 6.51, respectively. These es-
timates were obtained from the macroseismic field adopted
as the preferred in DBMI15. This intensity dataset (Monach-
esi, 1987; hereafter MONA987) consists of 157 IDPs with
intensities ranging from 3–4 to 10 MCS (Fig. 8a). The al-
ternative macroseismic field considered in this analysis was
compiled by Guidoboni et al. (2018), hereafter CFTI5med.
This dataset presents a slightly different spatial distribution
of intensities and consists of 151 IDPs, ranging from 2–3
to 10 MCS (Fig. 8c). The macroseismic epicentre calculated
from this dataset at [43.576° N, 12.548° E] results shifted to
3.6 km SE with respect to that from MONA987, and the cor-
responding magnitude estimate is Mw 6.33. The application
of the pre-processing on both the preferred and the alterna-
tive macroseismic field do not affect the macroseismic pa-
rameters.

From a geological perspective, the 1781 Cagli earthquake
is located between the northern-central Apennine fold-and-
thrust belt, in a zone currently undergoing crustal exten-
sion. However, according to the literature, outcropping ac-
tive faults capable of producing an event such as the 1781
earthquake are not mapped in this sector of the Apennines
(Fig. 8b–d).

Despite the absence of documented capable faults or clear
geological evidence, the DISS database suggests that the
causative source of the 1781 Cagli earthquake is located on
the Montiego thrust (Fig. 8b–d), a segment of a major thrust
reactivated under the current extensional regime and emerg-
ing along the Adriatic coastline. Based on this interpretation
and the macroseismic parameters proposed by CPTI15, the
event is associated with the ISS labelled “ITIS047 Cagli”.
This ISS represents a SW-dipping structure (strike= 134°,
dip= 30°, and rake=−90°), with the strike consistent with
the general orientation of the frontal thrusts of the Apen-
nines in this sector (Fig. 8b–d), while the rake reflects re-
gional geodynamic considerations. Conversely, De Donatis
et al. (2020) documented the presence of a fault system in the
Monte Nerone area (Fig. 8b–d). Specifically, this NW–SE to
WNW–ESE striking system of shallow normal faults shows
stratigraphic, structural, and geomorphological evidence of
extensional tectonics, and they suggested that this fault sys-
tem may be capable of generating large earthquakes, as the
1781 Cagli event. However, no capable faults are currently
mapped in the Monte Nerone area in the ITHACA database
(Fig. 8b–d).

To identify the best seismogenic source for this event, we
applied the proposed workflow considering both the seismo-
tectonic interpretations described above and the two alterna-
tive macroseismic fields. Specifically, we generated four al-
ternative source configurations (Table 8): two (CAGLI_001
and CAGLI_003) consistent with the orientation of the
DISS hypothesis (ITIS047 Cagli) and two (CAGLI_002 and
CAGLI_004) consistent with the orientation of the fault sys-
tem described by De Donatis et al. (2020). For the latter two
source hypotheses, we assumed a normal fault (strike= 110°,
dip= 55°, and rake=−90°). Each virtual source was con-
structed around the hypocentre, with rupture length and
width derived from the magnitude estimates using Wells
and Coppersmith (1994). The location and the dimensions
of CAGLI_001 and CAGLI_002 are derived from the pa-
rameters obtained with the MONA987 intensity dataset,
those of CAGLI_003 and CAGLI_004 with the macroseis-
mic field from CFTI5med. For all source configurations, a
fixed hypocentral depth of 10 km was assumed, consistent
with the average depth of earthquakes in the area.

The results of the analysis are summarised in Table 9. The
residuals obtained with the GOM20 model exhibit negative
BEI values for all tested source configurations, indicating a
general overestimation of the observed intensities. In con-
trast, the residuals obtained with OLI22 indicate overesti-
mation for the CAGLI_001 and CAGLI_002 sources (Ta-
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Figure 8. The 3 June 1781 Cagli earthquake. (a) Macroseismic intensity distribution of the MONA987 dataset from Monachesi (1987).
(b) Tested source configurations (CAGLI_001 and CAGLI_002). (c) Macroseismic intensity distribution of the CFTI5med dataset from
Guidoboni et al. (2018). (d) Tested source configurations (CAGLI_003 and CAGLI_004). Red lines represent capable faults from the
ITHACA database, while black lines indicate the main frontal thrusts of the Apennines, including the Montiego thrust cited in the text.
Red and green stars represent the macroseismic epicentre derived from MONA987 and CFTI5med datasets, respectively. The maps in panels
(a) and (c) is derived from the CPTI15-DBMI15, which uses the TINITALY DEM, whereas panels (b) and (d) are generated using the Esri
Shaded Relief basemap. Sources: Esri | Powered by Esri.

Table 8. Tested sources for the 1781 Cagli earthquake. Source geometries (strike, dip, and rake) for CAGLI_001 and CAGLI_003 are based
on ITIS047 Cagli (Diss Working Group, 2025), whereas those for CAGLI_002 and CAGLI_004 are based on the orientation of the Mt.
Nerone fault system (De Donatis et al., 2020).

Reference earthquake parameters Epicentre [Lat, Lon] Mw Strike/Dip/ Length Width Depth Tested
Rake (°) (km) (km) (km) Source

MONA987 (Monachesi, 1987) [43.596° N, 12.512° E] 6.51 134/30/−90 24.8 11.7 10 CAGLI_001
MONA987 (Monachesi, 1987) [43.596° N, 12.512° E] 6.51 110/55/−90 24.8 11.7 10 CAGLI_002
CFTI5med (Guidoboni et al., 2018) [43.576° N, 12.548° E] 6.33 134/30/−90 10.1 10.1 10 CAGLI_003
CFTI5med (Guidoboni et al., 2018) [43.576° N, 12.548° E] 6.33 110/55/−90 10.1 10.1 10 CAGLI_004
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Table 9. Residual analysis for the tested seismogenic sources of the
1781 Cagli earthquake. BEI and RMSEI values are obtained from
PGV using the GOM20 and OLI22 conversion equations.

Test Source BEI–RMSEI BEI–RMSEI
macroseismic (GOM20) (OLI22)
field

MONA987 CAGLI_001 −0.71–1.22 −0.02–0.94
MONA987 CAGLI_002 −0.91–1.37 −0.17–0.97
CFTI5med CAGLI_003 −0.37–1.01 0.23–0.97
CFTI5med CAGLI_004 −0.56–1.10 0.06–0.90

ble 9 and Fig. 8b), and underestimation for CAGLI_003 and
CAGLI_004 (Table 9 and Fig. 8d); nevertheless, they are sig-
nificantly lower than those obtained with GOM20.

Overall, the lowest BEI and RMSEI values, for both the
GOM20 and OLI22 conversion equations, are obtained for
the CAGLI_003 and CAGLI_004 source configurations. Al-
though the strike orientation of CAGLI_003, consistent with
the DISS source (ITIS047 CAGLI), is more compatible with
the regional structural setting, both configurations provide a
comparable fit to the observed macroseismic data. In partic-
ular, the predicted intensities derived from these fault models
exhibit smaller residuals irrespective of the adopted GMICE.
The comparison between the two macroseismic datasets in-
dicates that the CFTI5med dataset (Guidoboni et al., 2018)
systematically yields lower residuals than the MONA987
dataset (Monachesi, 1987), suggesting that a lower magni-
tude (Mw 6.33) may be more consistent with this event.

4 Discussion and conclusions

In Italy, a few methodological approaches have been pro-
posed over the last decades for the reconstruction of histori-
cal earthquake sources. Such previous studies include the pi-
oneering work of Gasperini et al. (1999) which presents the
first attempt to infer source geometry directly from the spa-
tial distribution of macroseismic observations, demonstrat-
ing that the elongation of the intensity field contains valuable
information on source orientation and dimensions. Neverthe-
less, the methodology relies on simplifying assumptions. In
particular, the orientation of the inferred source geometry is
estimated from the azimuthal distribution of the highest in-
tensity observations using a circular mean, providing a strike
between 0 and 180° without resolving the fault dip direction.
In addition, a fixed dip angle of 45° is assumed for all the
seismogenic boxes, regardless of the geological characteris-
tics of the candidate seismogenic structures.

Visini et al. (2009) demonstrated the potential of combin-
ing ground motion simulations with macroseismic data to
evaluate competing seismogenic hypotheses for the 1693 Si-
cilian earthquake. Their approach evaluates a set of prede-
fined fault models through synthetic ground motion simula-

tions and statistical comparison with the observed intensi-
ties. Nevertheless, the geometry of the analysed sources is
assumed a priori from previously proposed tectonic models,
rather than being derived from the earthquake magnitude.
Furthermore, the conversion between simulated ground mo-
tion parameters and macroseismic intensity relied on empir-
ical relations not calibrated on Italian earthquakes.

More recently, Sgobba and Pacor (2023) proposed a non-
ergodic empirical framework for reconstructing shaking sce-
narios of historical earthquakes, accounting for source, path
and site effects specifically of Central Italy, by incorporating
spatially variable source, propagation and site corrections.
However, the approach requires the earthquake magnitude
and fault geometry (i.e., fault vertices, strike and rupture di-
mensions) to be defined a priori. Consequently, its applica-
bility depends on the availability of an independently con-
strained seismogenic source, making it particularly suitable
for well-characterised historical earthquakes but less appro-
priate when the source itself remains uncertain.

Nevertheless, a common limitation of these studies is
the absence of standardised metrics for source validation.
This study aims to fill this gap by proposing an integrated
and reproducible workflow that combines geological con-
straints, empirical fault-scaling relationships, regionally cal-
ibrated intensity-to-ground-motion conversions, and ground
motion simulations. Candidate seismogenic sources are ob-
jectively ranked through quantitative statistical metrics, in-
cluding between-event (BE) residuals and RMSE values, al-
lowing the identification of the best-fitting source according
to predefined thresholds.

This approach integrates an initial pre-processing stage
for the identification and removal of potential outliers, fol-
lowed by three main stages: (i) earthquake parameter esti-
mation using the Boxer code, (ii) seismogenic source recon-
struction and ground-motion simulation, and (iii) validation
of the inferred source geometries through residual analysis
(see Sect. 3) and comparison with geologic lineaments.

The pre-processing procedure aims at identifying macro-
seismic fields that require closer scrutiny or, in some cases,
exclusion from the analysis. Although the presence of some
possible over- or underestimated intensity value does not sig-
nificantly change the macroseismic location and magnitude
obtained with the adopted Boxer method, it may significantly
affect the analysis of the residuals and, consequently, the in-
terpretation of the geometry and dimensions of the seismo-
genic source.

The application of the proposed workflow to the selected
instrumental earthquakes shows that macroseismic-derived
parameters can provide realistic seismogenic source geome-
tries that are mostly consistent with those derived from in-
strumental solutions. The validation has been performed for
a wide magnitude range and with the aid of acceleromet-
ric recordings and mapped geological structures (e.g., 1984
Monti della Meta, 1989 Prealpi Vicentine, and 2008 Par-
mense earthquakes). The reliability of these results is con-
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firmed by the fact that the residual values (BE and RMSE)
obtained from accelerometric data align closely with the
standard deviation (σ ) of the adopted ITA18 GMM by Lan-
zano et al. (2019).

The application of the proposed workflow to the 1781
Cagli earthquake allows to select between alternative macro-
seismic fields for discriminating the best-fitting seismo-
genic source. Two alternative and reliable intensity datasets
(Monachesi, 1987; Guidoboni et al., 2018) were simulated
with four source hypotheses. The comparison of the residu-
als obtained from the simulations of the two datasets indi-
cates that the seismogenic sources based on parameters de-
rived from the CFTI5med dataset provide a better fit to the
observed data in terms of BEI and RMSEI values.

The results further suggest that shaking scenarios simu-
lated with a lower magnitude estimate (i.e., Mw 6.33) could
be more consistent with this event. This implies that the co-
herence between intensity data points (IDPs), earthquake pa-
rameters, source geometry, and ground motion simulations
can lead to a more comprehensive reconstruction of both the
earthquake effects and the causative fault.

Based on the findings of this study, the workflow
can be systematically applied to reconstruct the seismo-
genic sources of the strongest Italian historical earthquakes
(Mw≥ 5.5) reported in CPTI15-DBMI15, and for which con-
sistent intensity distributions are available.

Data availability. The data used in this study are publicly
available. The selected dataset and the reference macro-
seismic earthquake parameters are obtained from the Cat-
alogo Parametrico dei Terremoti Italiani (CPTI15, ver-
sion 4.0; https://doi.org/10.13127/CPTI/CPTI15.4, Rovida
et al., 2022). The macroseismic data are retrieved from
the Italian Macroseismic Database (DBMI15, version 4.0;
https://doi.org/10.13127/DBMI/DBMI15.4, Locati et al., 2022)
and the Italian Archive of Historical Earthquake Data (ASMI;
https://doi.org/10.13127/asmi, Rovida et al., 2017, 2025).
Instrumental earthquake parameters are obtained from both
CPTI15 v4.0 and CLASS (Catalogue of Absolute Locations;
https://doi.org/10.13127/class.1.0, Latorre et al., 2022). The DEM
used in figures provided by the CPTI15-DBMI15 catalogue is
the TINITALY, accessible at https://doi.org/10.13127/tinitaly/1.1
(Tarquini et al., 2007, 2023). Other basemaps used in the figures
include Google Satellite imagery (map data © 2015 Google) and
Esri Shaded Relief basemaps (Sources: Esri | Powered by Esri).
The revised macroseismic earthquake parameters, the epicentral
distances (in km), and the magnitude differences between preferred
and revised macroseismic estimates, as well as between macroseis-
mic and instrumental solutions (when available), are reported in
Table S1.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/nhess-26-4569-2026-supplement.
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