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Abstract The ongoing unrest at Campi Flegrei is posing significant challenges for hazard assessment and
risk mitigation. This densely populated region has experienced more than 20,000 shallow earthquakes since
2020, driven by hydrothermal fluid accumulation beneath a mechanically strong caprock. In this work, we
analyze the seismic activity characterizing the ongoing crisis, also including the magnitude Md 4.4 occurred in
May 2024 in correspondence of a cumulative caldera uplift of 130 cm at the RITE GPS station. Here, we
demonstrate that the joint interpretation of micro‐seismicity evolution and deformation trend reveals the
preparatory phase of major earthquakes. Our analysis of 20 seismic sequences from 2015 to 2024 highlights for
larger earthquakes a consistent preparatory phase, with a strong correlation between deformation rates,
cumulative seismic moment, and earthquake magnitudes. Residual strain, representing the difference between
deformation‐driven input and seismic output, emerges as a critical parameter linearly associated with the
maximum earthquake magnitudes. Unveiling the preparation phase of larger earthquakes in the densely
populated Campi Flegrei area has the potential to significantly contribute to seismic risk mitigation.
Preliminary, simple predictive models based on strain dynamics show promising results, leading the way to
developing novel approaches to forecast earthquake magnitudes and event rates days in advance. Our insights
provide a crucial foundation for improving seismic risk mitigation strategies at Campi Flegrei and other
volcanic systems worldwide.

Plain Language Summary Campi Flegrei, a highly populated volcanic area near Naples, has
experienced over 20,000 small earthquakes since 2020 due to underground fluid pressure. This study shows that
by tracking ground movement and minor tremors, it's possible to identify signs that a larger earthquake may be
approaching. Here, we found that the buildup of underground strain—stress that hasn't yet caused a quake—is
closely linked to the strength of future earthquakes. These findings could help develop models to predict
earthquake size and timing days in advance, improving safety in volcanic areas like Campi Flegrei.

1. Introduction
Periods of volcanic unrest, characterized by deviations in ground deformation, seismic activity, and gas emis-
sions, represent critical windows for understanding and mitigating associated risks (Newhall & Dzurisin, 1988).
But what are the implications when such unrest occurs beneath a densely populated region housing over 500,000
people (Civil Protection Department, 2019)? This pressing question arises from the ongoing unrest phase of the
Campi Flegrei caldera, seismically active since 2012 (Giudicepietro et al., 2025), which affects the outskirts of
Naples and Pozzuoli in southern Italy.

Spanning approximately 15 km in diameter, Campi Flegrei is Europe's largest active caldera, formed by two
massive eruptions 39,000 and 14,500 years ago (Silleni et al., 2020). Following its last eruption in 1,538, the caldera
entered nearly 500 years of quiescence, punctuated by multi‐phase unrest since 1950, including four major uplift
episodes (Del Gaudio et al., 2010; Di Vito et al., 1987, 1999). Cumulatively, these episodes have resulted in over
four m of ground deformation, accompanied by intense seismic activity (Orsi et al., 1999; Tramelli et al., 2021).

Campi Flegrei caldera is a multi‐hazard geological system, where key natural events—such as ground instability,
earthquakes, and volcanic eruptions—interact intensively and may occur either at the same time or at different
intervals, through processes of either mutual or independent (De Landro, Vanorio, Muzellec, Russo, et al., 2025).

The current unrest has raised critical challenges for scientists and civil protection authorities. Long‐term pro-
jections suggest the potential for a future eruption (Kilburn et al., 2017, 2023), while daily risks include shallow
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earthquakes that directly endanger the population (Iervolino et al., 2024). Since 2020, over 20,000 shallow
earthquakes have been recorded, with magnitudes rarely exceeding M 3. Despite their modest size, their shallow
depths (2–3 km) have caused significant ground shaking, particularly in Pozzuoli and Naples, generating
widespread concern among residents and emergency responders (Iervolino et al., 2024; Ricci et al., 2013).

This study investigates the seismic hazards of Campi Flegrei by analyzing the preparatory phases of 20 larger
earthquakes (2015–2024). Despite it is well established the link between deformation and seismicity (e.g., among
many, Kilburn et al., 2023), here we present novel insights into the relationship between ground deformation rates
and volcano‐tectonic seismicity, providing new perspectives on the caldera's dynamics. In particular, we inno-
vatively show that integrating deformation and seismicity data could potentially enable the prediction of earth-
quake magnitudes days in advance.

The origin of bradyseism remains a topic of debate (Astort et al., 2024; Troise et al., 2019). Many studies link the
historical cycles of the bradyseism to cycles of both magmatic and hydrothermal activities (Bodnar et al., 2007;
Lima et al., 2009, 2021). The prevailing hypothesis for the actual unrest attributes these earthquakes to the
building up in pressure caused by hydrothermal fluids sealed by the shallow caprock (De Landro, Vanorio,
Muzellec, Russo, et al., 2025). In recent work, De Landro, Vanorio, Muzellec, Russo, et al. (2025), leveraging
precise relocations of extensive seismicity since 2014, obtained high resolution 3D tomographic images of the
inner caldera which, combined with a rock physics experiment, allowed to precisely reconstruct the gas‐rich
reservoir below 2 km depth (Calò & Tramelli, 2025). This active hydrothermal volume interacts with a me-
chanically strong caprock layer (1–2 km depth), likely formed through limewater‐pozzolana reactions (Vanorio
et al., 2005; Vanorio & Kanitpanyacharoen, 2015). The b‐value analysis made by Tramelli et al. (2024), whereas
this parameter is considered a proxy of stress, confirm higher stress/strain concentration (i.e., lower b‐value) in
the caprock and for the deepest seismicity, while higher b‐value are observed for portion of the caldera interested
by volcanic gases moving toward the surface. The reservoir extent closely correlates with the area of maximum
uplift, where deformation acceleration due to pore‐fluid pressure is corroborated by laboratory experiments
suggesting that the interaction between the pressurized gas reservoir and the confining caprock seal drives the
ground uplift. At a greater depths, structural studies identify a melt‐rich zone at∼7.5 km depth (Zollo et al., 2008)
and persistent CO2 surface degassing (Caliro et al., 2025; Chiodini et al., 2015), feeding, together with the
meteoric water (Vanorio et al., 2025), the entire hydrothermal and volcanic system.

The accumulation of hydrothermal fluids beneath the caprock has driven the ongoing ground uplift since 2005
(Bevilacqua et al., 2022; De Landro, Vanorio, Muzellec, Russo, et al., 2025; Kilburn et al., 2023). This defor-
mation increases stress on pre‐existing faults, triggering seismic activity. While the largest recorded event (Md
4.6) occurred in March 2025, studies of fault segments suggest that a magnitude 5 earthquake remains a plausible
worst‐case scenario (Iervolino et al., 2024; Scotto di Uccio et al., 2024). Verifying the existence and under-
standing the mechanisms of the preparatory phase of larger earthquakes is therefore an urgent necessity.

Despite well‐established links between deformation and seismicity have been proposed, predictive models for the
larger seismic activity posing the population at risk remain underdeveloped.

By analyzing seismicity preceding 20 major events, we identify common patterns in the preparatory phases,
which for all sequences are characterized by a marked correlation between deformation rates, the seismic moment
release and the main earthquake magnitudes. Notably, we observe a shift in strain dynamics from 2022, marked
by a progressive increase in residual strain that correlates with larger event magnitudes.

Our findings reveal critical aspects of Campi Flegrei's seismic behavior, which can be interpreted considering the
caprock's role in stress distribution. The observed linear relationship between residual strain and earthquake
magnitude paves the way for forecasting methodologies. These approaches could predict the magnitude of major
events days in advance, enhancing not only risk mitigation but also preparedness, emergency planning, and civil
protection efforts at Campi Flegrei and other volcanic systems worldwide.

2. Data Set
We used a catalog of 12,399 events recorded at 21 stations of the INGV network insisting on the Campi Flegrei
area. The data set extends from 1 January 2014, to 9 November 2024. We used P‐ and S‐wave arrival times, along
with magnitude estimates, from the INGV earthquake catalog (Ricciolino et al., 2024). This data set includes
approximately 92,472 P‐wave and 37,293 S‐wave phases, with magnitudes ranging from − 1.1 to 4.4. On average,

Visualization: A. G. Iaccarino,
M. Picozzi, G. De Landro
Writing – original draft: A. G. Iaccarino,
M. Picozzi, G. De Landro, D. Spallarossa
Writing – review & editing:
A. G. Iaccarino, M. Picozzi, G. De Landro,
D. Spallarossa

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031777

IACCARINO ET AL. 2 of 18

 21699356, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

031777 by O
gs T

rieste Istituto N
azionale, W

iley O
nline L

ibrary on [29/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



each event had 7–8 P‐wave arrival times and 3–4 S‐wave arrival times. The provided magnitude is the duration
magnitude (Orsi et al., 1999).

2.1. Re‐Localization

We used the catalog obtained in De Landro, Vanorio, Muzellec, Russo, et al. (2025). In this work, the authors
performed the location with NLL‐SSST (Lomax & Savvaidis, 2022), which mitigates the impact of velocity
model errors on event location, and the 3D velocity P‐ and S‐wave tomographic models. The main innovation of
NLL‐SSST is the use of spatially varying, source‐specific station travel‐time corrections (SSST) throughout a 3D
volume, providing a position‐dependent correction for each station and phase type. Following Scotto di Uccio
et al. (2024), they iteratively generate SSST corrections using the catalog events and arrival data by reducing the
smoothing distances to 20, 10, 5, and 2 km, ranging from larger than the seismic pattern size to the target sub‐
kilometer location precision. Then, they operated a selection based on location uncertainties (Figure S1 in
Supporting Information S1), obtaining a final catalog of 9,894 high quality event locations with rms ≤ 0.08 s
(0.03 s, on average), horizontal and vertical location errors ≤500 m for 85% of events and GAP ≤ 200 for the 90%
of events.

2.2. Moment Magnitude

To convert the duration magnitude Md to Mw, we used the relation from Iervolino et al. (2024).

Mw = 0.26 + 0.80Md (1)

Using Mw, we computed the completeness magnitude, Mc, using the entire‐magnitude‐range method (Woessner
& Wiemer, 2005). For the whole catalog, we find a magnitude of completeness Mc 0.2.

The sameMc value was found by Tramelli et al. (2021, 2022) and considered costant since 2010 in the central part
of the caldera, the same of main interest for this study where large earthquakes have occurred. Of course, for
repeating the analyses with focus on other sectors of the Caldera, theMc analysis should be repeated, and different
data selection criteria applied.

Concerning the seismic moment, M0, it is computed directly from Mw using the relation from Hanks and
Kanamori (1979).

For next analysis, we will compute the cumulative moments on selected time‐windows. The uncertainty asso-
ciated to the cumulative moment is computed by using a bootstrap approach (Efron, 1992), by considering a
number of random samplings with replacement equal to 10 times the amount of data in each sequence (Table 1).

2.3. Deformation Data

As Bevilacqua et al. (2024), we consider the deformation (DEF) measured by the GNSS station RITE (Figure 1a).
Given the observed bell‐shaped deformation pattern centered in the town of Pozzuoli, RITE can indeed be
considered well representative of the deformation measured on the vertical component at all the GNSS stations.

To retrieve the data time‐series in Figure 1c we used two different sources. Deformation data from 19 May 2000
to 31 December 2020 has been extracted from Bevilacqua et al. (2024). Later data have been digitally extracted
from figures contained in the monthly and weekly reports compiled by Osservatorio Vesuviano (2024) using the
OpenCV Python library (Bradski, 2000). Our DEF data extend from 19 May 2000, to 5 December 2024. As the
data were digitally extracted, the sampling rate is variable, with an average of approximately 7 days. To ho-
mogenize the data set, the data from Bevilacqua et al. (2024) have been decimated to achieve a sampling rate of
approximately 7 days.

The deformation rate (DR) is computed as the slope of the linear fit of deformation in time in the selected window.
In Figure S2 of Supporting Information S1, we show the fits retrieved for the 12 sequences analyzed in the paper.
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Table 1
Main Information Concerning the Main Events of the Studied Sequences

ID Origin time Latitude Longitude Depth (km) Magnitude Number of events 100‐day Mmax

1 07/10/2015 09:10:51 40.8297 14.1487 2.38 2.5 13 2.3

2 05/07/2016 01:22:40 40.8229 14.1320 1.40 2.1 5 1.5

3 12/03/2018 14:09:06 40.8320 14.1479 2.74 2.4 35 1.4

4 18/09/2018 21:36:42 40.8313 14.1461 2.50 2.5 23 1.6

5 15/03/2019 04:26:42 40.8287 14.1512 2.26 2.5 25 1.0

6 05/10/2019 05:08:38 40.8301 14.1490 2.15 2.5 23 1.7

7 06/12/2019 00:17:24 40.8296 14.1505 2.29 3.1 60 2.5

8 26/04/2020 02:59:03 40.8304 14.1502 2.51 3.3 37 2.7

9 19/12/2020 21:54:57 40.8362 14.1472 1.23 2.7 146 1.9

10 31/03/2021 23:10:50 40.8003 14.1153 4.00 2.2 113 2.6

11 06/08/2021 14:51:10 40.8034 14.1133 3.98 2.2 111 2.0

12 06/01/2022 19:37:16 40.8300 14.1432 2.03 2.5 116 2.0

13 29/03/2022 17:45:32 40.8292 14.1500 2.45 3.6 178 3.5

14 30/07/2022 03:27:49 40.8271 14.1414 1.73 2.5 118 2.0

15 12/11/2022 21:37:55 40.8014 14.1166 2.04 2.7 103 2.3

16 05/02/2023 00:45:36 40.8001 14.1099 4.53 3 284 2.7

17 11/06/2023 06:44:26 40.8353 14.1066 3.92 3.6 462 3.5

18 27/09/2023 01:35:34 40.8159 14.1569 2.95 4.2 710 3.8

19 20/05/2024 18:10:04 40.8250 14.1391 2.20 4.4 1,146 3.9

20 26/07/2024 11:46:21 40.8031 14.0955 5.00 4 1,225 4.4

Figure 1. (a) Map of the events re‐localized. The events are represented by gray circles sized by magnitude. Stars represent the location of the main events (Table 1).
RITE station is represented by a white cross. The blue lines represent the vertical displacement. (b) Section of the events along the AA’ segment (panel a). (c) Events and
vertical deformation at RITE versus time. Events are represented as black dots with their magnitude (right y‐axis). Colored stars represent main events (Table 1). Red
line refers to the vertical displacement at RITE in cm (left y‐axis).
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3. Methods
3.1. Strain

To compute the Strain (ε), as discussed above, we consider that the deformation is due to a forcing action of
hydrothermal fluids at the bottom of the caprock. We therefore assume that the entire structure above represents
the body undergoing the deformation we observe at the surface. While local anelastic processes (e.g., crack
opening or thermally assisted inelastic flow) may occur in the shallowest layers, their integrated contribution to
the caldera‐scale geodetic signal is second‐order. At the caldera scale, previous studies have shown that the upper
crust exhibits a quasi‐elastic response to loading, indicating that the observed uplift and associated seismicity are
not dominated by irreversible inelastic processes (Bevilacqua et al., 2024). Moreover, the existence of a me-
chanically competent fibrous caprock overlying the hydrothermal fluids reservoir (De Landro, Vanorio,
Muzellec, Russo, et al., 2025; Vanorio et al., 2025; Vanorio & Kanitpanyacharoen, 2015) supports our
assumption, is the ratio between DEF and the depth of the lower bound of the caprock, L = 3 km (Vanorio &
Kanitpanyacharoen, 2015).

εzz =
DEF
L

(2)

Since the vertical deformation, near RITE, is the main contributor to the strain (Bevilacqua et al., 2022), we
simply assume that

ε = εzz (3)

This assumption is justified near RITE since it is the closest station to the maximum of vertical displacement in the
region (Figure 1a), elsewhere, the radial component of the deformation becomes significant.

3.2. Seismic Volume

We compute the seismic volume (Vs) as the 3D convex Hull of the hypocenters in a given time window (Picozzi
et al., 2023). We thus consider Vs as the part of the medium that releases stress in a certain period of time through
seismicity. To compute it, we first compute the barycenter of the events and, to mitigate the impact of eventual
outliers in the seismic sequences, we select a certain percentage of the closest events to compute Vs.

The choice of the percentage of events used in the analysis can significantly affect the estimation of Vs. To assess
this effect, we investigated how the variability of event distances from the barycenter changes with the number of
included events.

Specifically, we analyzed only those sequences containing at least 100 events, in order to get more consistent
estimations. In Figure S3 of Supporting Information S1, we show, for each of these sequences, the variance of the
distance from the barycenter, normalized by its maximum value, as a function of the percentage of events. The
elbows of these curves indicate the portion of the sequence that is most tightly clustered around the barycenter.
We identified the elbow as the point closest to the vertex (0 variance, 100% events), and found that, on average, it
corresponds to 80.8% of the events. Based on this result, we decided to retain 80% of the events for the
computation of Vs.

Then, we calculate the Delaunay convex hull (Delaunay, 1934) containing the selected events. Therefore, Vs will
be the volume of the computed Delaunay hull. The uncertainty associated to Vs is computed by a bootstrap
approach (Efron, 1992), by considering a number of random samplings with replacement equal to 10 times the
number of events considered in each sequence (Table 1).

3.3. Total Strain Drop

We define the Strain Drop as the Strain that is unloaded by seismic processes. To compute the Strain Drop, we
started from the definition of the seismic moment M0 for a circular crack (Fischer & Hainzl, 2017)

M0i =
16
7

∆σi · r3i (4)

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031777
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Where the index i refers to the ith event, ∆σ is the stress drop of the crack and r is its radius. It is worth to note that,
the term 16

7 descends from the Eshelby (1957) formulation. Even if we are in a volcanic environment, the
earthquakes in the area completely resemble the tectonic ones (Iervolino et al., 2024; Scotto di Uccio et al., 2024),
and we can use the above formulation.

If we assume the existence of a linear relation between stress drop and the strain drop in the form of

∆σ = μeff · ∆ε (5)

where μeff is an effective shear modulus that needs to be calculated (see Section S1 in Supporting Information S1).

Then, we can consider the cumulative of M0 as

∑
i
M0i =

16
7
μef f∑

i
∆εi · r3i (6)

If we assume a quasi‐constant strain drop for all the events, as frequently done in literature for stress drop (Cocco
et al., 2016; among others), the sum in second term can be approximated by the product of the total strain drop,
∆εtot, and the seismic volume activated by all the considered events, VS. In this way, we can write ∆εtot as

∆εtot =
7
16

ΣM0

μeffVS
(7)

Also the uncertainty associated to ∆εtot is computed by a bootstrap approach (Efron, 1992).

Here, we need to find a reasonable value for μeff . We present the complete calculus in Section S1 of Supporting
Information S1, however, the final result is

μeff = 2μ cos δ sin δ (8)

Where μ is the shear modulus of the medium and δ is the dip of the fault. μeff needs, in fact, a dependence with the
fault orientation since the stress drop refers to difference in shear stress on the fault. To compute μ we refer to the
1D‐velocity model from Vanorio et al. (2005) and the density value from Judenherc and Zollo (2004) at 3 km
depth. Using these values, we find μ = 9.45 GPa. Then, following La Rocca and Galluzzo (2019), we know that
the dip distribution is not uniform in Campi Flegrei with 50% of the events having a dip between 45° and 75° with
the median value around 60°. Using δ = 60°, we obtain

μeff = 8.19 GPa

That is the value we used in this work to compute ∆εtot.

3.4. Residual Strain

We define the residual strain, εres, simply as the difference between ε and ∆εtot

εres = ε − ∆εtot (9)

Since error on DEF and so on ε is negligible (Bevilacqua et al., 2024), the standard error on εres will be equal to the
error on ∆εtot.

3.5. Fitting Procedures

In this work, we present numerous relationships, all these relations have been computed using a robust fit pro-
cedure with bisquare weight function (Dumouchel & O’Brien, 1991).

We report all the retrieved relationships in Table S1 of Supporting Information S1 with the relative Figure.
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During the final preparation of this work, the corresponding author used ChatGPT in few sections of the
manuscript to improve the grammar and the English and language of the paper. All of the sentences of this work,
reasoning and conclusions are then original. However, after using this tool, all authors reviewed and edited the
content as needed. The corresponding authors take full responsibility for the content of the published article.

4. Results
4.1. Deformation as the Driving Engine of the Preparatory Phase at Campi Flegrei

Since 2005, the Campi Flegrei caldera has undergone substantial uplift, with total ground deformation reaching
approximately 135 cm from 2005 at the GPS station RITE by October 2024 (Osservatorio Vesuviano, 2024)
(Figure 1c). Over the past decade, seismicity in the region has increased both in frequency and intensity,
culminating in two large earthquakes, the Md 4.4 occurred on 20 May 2024 and the Md 4.6 of the 13 March 2025.
This latter earthquake is not included into this study because the digital data on deformation has been extracted
before its happening.

Previous studies in geothermal areas (Iaccarino & Picozzi, 2023; Picozzi & Iaccarino, 2021) proved that the
analysis of seismicity prior to moderate earthquake can uncover common preparatory patterns associated with
their generation. So, to explore the relationship between deformation and seismicity, we analyzed seismic data
from January 2015 to November 2024, focusing on major seismic sequences that culminated in moderate
earthquakes. To define these major sequences, we searched events with Md ≥ 2.0 that are not preceded or fol-
lowed by stronger events in 60 days before and after them. In case of two events with the same magnitude closer
than 60 days and both respecting the rule, we choose only the last one. This criterium lead us to define 20 major
events and, subsequently, 20 major sequences that we are going to analyze in this paper (Figure 1; Table 1). Even
if different criteria could have led to identify a slightly different number of sequences, we are confident of having
selected as main events those that represent the peak of the seismic activity over the past years. Mignan (2012)
showed that to study the preparatory processes it is necessary to have a Mc that is 2–3 order below the main
events. Given that, the selection of main events with Md ≥ 2.0 is also related to the magnitude of completeness of
our data set (Mc = 0.2). Four of these sequences (#1, #3, #7, #8) have been already analyzed by Tramelli
et al. (2022) that looked at data from seismic, geodetic, and geochemical monitoring. All these sequences present
a normal focal mechanism and are very close to each other in the area of Solfatara and Pisciarelli craters. Tramelli
et al., found that these sequences happened along the hydrothermal system that feeds the gas emission in the
surface. This area of the medium is highly fractured and saturated with geothermal gases which upward move-
ment is limited by the caprock.

For each of the considered seismic sequences, our analyses are focused on the seismicity and deformation that
occurred during the 100 days preceding each main event, while excluding the main events themselves.

We compared the seismicity of the preparatory phases, quantified through cumulative moment and event rate in
the 100 days before the event, with total deformation (DEF) recorded at RITE before the main event and with
deformation rate (DR) computed for the 100 days before the main. Notably, the logarithm of both event rate and
cumulative moment exhibited a linear relationship with DEF and DR (Figures 2a and 2b; Figure S4 in Supporting
Information S1).

These findings confirm that the seismicity leading up to the main events is not entirely stochastic but is strongly
influenced by deformation and its rate. Moreover, all the analyzed sequences exhibit a consistent preparatory
phase closely linked to deformation. Our results further confirm that the stress loading driving the caldera uplift
modulates seismicity evolution (Bevilacqua et al., 2024; De Landro, Vanorio, Muzellec, Russo, et al., 2025;
Vanorio et al., 2025), moreover, they indicate that the seismogenic processes of larger earthquakes share similar
preparatory patterns.

To delve deeper into this connection from a mechanical perspective, we investigated strain (ε) and total strain
drop (Δεtot) for the studied sequences, excluding the main events (Figure S5a in Supporting Information S1).
While ε represents the input deformation in the system, Δεtot captures one of its outputs—namely, seismic energy
release, excluding plastic deformation, gas, and heat. We also examined residual strain (εres), defined as the
difference between ε and Δεtot (Figure S5b in Supporting Information S1), hypothesizing it as a key aspect of the
caldera's energy budget.
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Interestingly, εres shows an increasing relationship with the magnitude of the main event of each sequence
(Figure 2c). In fact, we have been able to fit an exponential trend between εres and the magnitude of the main event
using a non‐linear least square algorithm and using a robust bisquare method (Dumouchel & O’Brien, 1991). This
relationship points out how the magnitude of the event is critically controlled by the value of the residual strain.
Despite the existence of a few outliers, we observe that for εres ≥ 13 μstrain the main events have magnitude
Md ≥ 3.0. Since events with Md ≥ 3.0 are at Campi Flegrei largely felt by population, causing distress and panic,
future applications could even consider the residual strain threshold εres = 13 μstrain as an attention value for an
alert system aiming to mitigate the seismic risk during sequences.

As reported above, we also observe in Figure 2c four seismic sequences (#8, #9, #10, #20, Table 1) behaving
as outliers with respect to this relationship. Interestingly, the first three sequences are consecutives in our
analysis, but we believe this as a pure coincidence being that they behave very differently from each other.
The first sequence (#8) occurred in April 2020. It presents a main magnitude that is bigger than expected from
εres. Interestingly, this is the only sequence characterized by a negative deformation rate (Figure S6 in
Supporting Information S1). This sequence thus represents a clear exception to the empiric rule by which
“high magnitude events happen during high deformation rate periods” and so, does not come as a surprise that
this sequence behaves different from the others. Sequences #9 and #10, on the other hand, present a main
magnitude lower than expected from εres. A possible explanation for sequence #9, happened in December
2020, is that the main event is, in fact, a doublet being it preceded by another event Md 2.7 by only 4 s. We
can see these two close events as a single one and sum their seismic moment, which by using Equation 1 leads
to and equivalent magnitude equal to Md 3.0. This equivalent event would now correspond to the lower
confidence bound of Equation S3 in Supporting Information S1 (Figure 2c; Table S1 in Supporting Infor-
mation S1). Sequence #10, which happened in March 2021, acts as outlier for all the relations for the main
magnitude that we further analyze (Figure S7 in Supporting Information S1). In the end, sequence #20,
happened in July 2024, the last of our data set, ended with one of the biggest event (Md 4.0), however, the
relation in Figure 2c strongly overestimates its magnitude since this event happened in a period with very high
residual strain. The results for sequences #10 and #20 hint us that these sequences prepared, in many aspects,

Figure 2. Different relations for the 20 main events in Table 1. Each circle refers to a single sequence, the colors of the circles
are coded as in Figure 1. Black solid lines refer to the linear fit (Table S1 in Supporting Information S1). Black dashed lines
refer to the ±σ interval for each fit. (a) Event rate versus deformation rate for all the sequences in the 100 days preceding the
main event. Horizontal error bars depict the standard error on deformation rate as retrieved from the fitting procedure (see
Section 3). (b) Cumulative seismic moment versus deformation rate for all the sequences in the 100 days preceding the main
event. Horizontal error bars depict the standard error on deformation rate as retrieved from the fitting procedure (see
Section 3). Vertical error bars depict the standard error on cumulative seismic moment as retrieved from the bootstrap
analysis (see Section 3). (c) Magnitude of the main event versus residual strain for all the sequences in the 100 days preceding
the main event. Horizontal error bars depict the standard error on residual strain as retrieved from the bootstrap analysis on
Total Strain Drop (see Section 3).
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as sequences capable of generating a greater event but failed for reasons that are outside of the scopes of this
paper but that will be investigated in more detail in future works.

The relationship between εres for the precursory seismicity and the magnitude of the main event suggest that as the
forcing increases (e.g., through greater deformation), the amount of energy released seismically also increases,
providing valuable insights into the dynamics of Campi Flegrei.

4.2. Unveiling the Preparatory Mechanisms of Seismicity at Campi Flegrei

4.2.1. The Deformation Drives the Seismicity

Our interpretation of the dynamic behavior of the Campi Flegrei caldera during the ongoing unrest phase is based
on the temporal evolution of the seismicity during the preparatory phases preceding 20 major seismic events.
These insights build upon foundational achievements in prior research (Bevilacqua et al., 2022; De Landro,
Vanorio, Muzellec, Russo, et al., 2025; Kilburn et al., 2023) and, in turn, provide a crucial framework for
advancing future studies.

We observed consistent patterns among the seismic sequences since 2015, indicating a shared preparatory
mechanism underlying most of the larger earthquakes of the area (Figure 2). Expanding on earlier studies linking
seismicity and deformation rates (Bevilacqua et al., 2024; Kilburn et al., 2023), our analysis introduces a novel
correlation between the magnitude of these main events and the residual strain during the preparatory phases
(Figure 2c, Figure S7 in Supporting Information S1). Residual strain (εres) represents the difference between the
strain (ε) derived from caldera uplift and the total strain drop (Δεtot) inferred from the seismic properties of
precursor earthquakes.

Interestingly, Vanorio et al. (2025; among others), by comparing the ongoing unrest (2011–2024) with the 1982–
1984 episode, identifies recurring temporal patterns in seismicity and deformation, as well as consistent spatial
correlations in velocity anomalies within the central caldera. In this framework, the similar preparatory patterns
observed across individual seismic sequences can be interpreted as local expressions of the broader cyclic
behavior characterizing the caldera unrest.

Our findings confirm that the deformation is the primary driver of seismicity during the preparatory phase.
Specifically, we demonstrate that seismic output from the crustal system is directly proportional to deformation
input; the maximum magnitude of each sequence scales with the preceding deformation rate (Figure S7b in
Supporting Information S1). Interestingly, when considering the long‐term trend, the seismicity results better
visually correlated with deformation rate (Figure S6 in Supporting Information S1) than with deformation
(Figure 1c).

4.2.2. Transition in Medium Behavior From Strain Drop to Strain Ratio

The temporal evolution of the ratio between total strain drop and strain (Δεtot/ε) across the 20 seismic sequences
provides further insights into the caldera's dynamics (Figure 3a). In this semilog plot, it is easy to see that the strain
ratio presents three periods of variation. The first consists only in the first two sequences #1 and #2, these two
present high values of Δεtot/ε probably due to a limited number of precursory earthquakes (Table 1) that leads too
poor estimations of seismic volume (Vs; see Methods) and, therefore, of Δεtot. The second period goes fro 2018 to
middle 2022, here the strain ratio is mostly constant around 0.01 but for sequences #7, #8 and #13 that present
higher values. Then, from 2022, we have linear increase that would indicate an exponential trend. Since the first
period, if exists, consists in only two values, we can not fit it properly so we fitted a piece‐wise linear trend with
one breakpoint using a robust bisquare method (Dumouchel & O’Brien, 1991) to fit the single linear branch and
the Nelder‐Mead simplex method (Lagarias et al., 1998) to find the best breakpoint that minimize the sum of
RMSE of the two fits.

Our results indicate a negative trend for Δεtot/ε until the 30 July 2022 (breakpoint date in Figure 3a), then, Δεtot/ε
clearly increases. Interestingly, if we, arbitrarily, exclude #1 and #2, from the fit, we obtain constant line for the
first period and almost the same breakpoint (Figure S8 in Supporting Information S1). The retrieved breakpoint
identifies a clear change in behavior of Δεtot/ε and it results aligned with recent studies based on event rates
(Bevilacqua et al., 2024; Kilburn et al., 2023). As said, sequences #7, #8 and #13 represents outliers with respect
the trend in the first period, especially when we exclude sequences #1 and #2. Interestingly, these 3 sequences
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represent the peaks in magnitude in their respective periods (April 2020 andMarch 2022, Figure 1c). Therefore, it
is possible that these outliers represent smaller periods of exponentially increasing Δεtot/ε as observed from
August 2022. Unfornately, it is not possible to prove this statement yet, since there are two few points to fit any
other trend, but future studies will investigate this issue.

Following the works of Kilburn et al. (2017, 2023), ε can be directly linked to the elastic response of the system,
while Δεtot is the seismic response of the system. Our results reveal a transition in the system behavior in 2021
(Figure 3b) from a quasi‐elastic to a plastic‐elastic (according to Kilburn et al., 2017, 2023). This transition has
significant implications, since we believe it helps explaining the progressive increase in maximum earthquake
magnitudes over time that we are witnessing during the ongoing crisis.

Mechanically, the stress‐strain curve area corresponds to the energy per unit volume, Ev, accumulated by the
system. Indeed, the product of stress, σ, and strain, ε, which corresponds to the area under the stress‐strain curve,
is dimensionally an energy per unit volume, Ev.

σ · ε = [
N
m2

m
m
] = [

J
m3]

We can thus define the dependence of Ev with the increment of σ for the elastic and inelastic domain.

Figure 3. (a) Ratio between total strain drop and strain versus time for each sequence computed for the 100 days before the
main event. The vertical black error bars associated with data represent their uncertainty. The black bold line refers to the
piece‐wise linear fit (Table S1 in Supporting Information S1) while the gray area represents the confidence interval of the fit.
(b) Diagram of stress versus strain in time. Each colored circle refers to a different state of the system. Yellow circle, the
system follows a perfect elastic behavior, in the orange circle the system enters a non‐elastic phase, and at the red circle
corresponds a more inelastic phase. The gray‐edged circles show the state of the system schematized as a single main fault
(black curve inside the circle), from right to left, the state of the system goes from a quiet state with few uncoherent off‐fault
structures (gray circles) to a damaged state in which the off‐fault structures become well‐oriented and the main fault becomes
more prone to be activated. (c) Section of the events along the AA’ segment (Figure 1a) with schematization of the caldera.
The events are represented by gray circles sized by magnitude. Stars represent the location of the main events (Table 1).
Orange area refers to the caprock. Green area corresponds to the gas reservoir. Blue area refers to the offshore inner caldera
border.
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For the elastic domain we have

Ev =∫ ε dσ =∫
σ
k
dσ → Ev ∝

σ2

2k
(10)

where k represents a generic elastic constant.

While for inelastic domain, if for instance we assume an exponential relationship, Ev is

Ev =∫ ε dσ =∫ eσk
− 1

dσ → Ev ∝ keσk
− 1

(11)

In the elastic regime, strain energy accumulates quadratically with stress (Ev ∝ σ2). In contrast, in the inelastic
regime, stress increments lead to exponential strain energy accumulation (Ev ∝ eσ). It is worth noting that earth‐
science‐focused works explored different model for the stress and strain relation in inelastic regimes, and we
made our assumption following Kilburn et al. (2023), which observed the seismicity increasing exponentially
with strain in the quasi‐elastic regime, then linearly in the inelastic regime. Therefore, Equation 11 is used as one
simple working hypothesis to show that whatever other stress–strain (σ–ε) constitutive law than the linear elastic
would imply larger stored strain energy for the same deformation amount.

Since co‐seismic strain drop is proportional to stored strain energy (Kanamori & Brodsky, 2004), the caldera's
transition to inelastic behavior enables the release of higher seismic energy, resulting in larger‐magnitude
earthquakes. The transition from the elastic to the inelastic domain has therefore the effect of significantly
increasing the amount of Ev stored into the system, enabling the release of higher energy, mostly seismic.

Our findings align with prior interpretations of the ongoing unrest (Bevilacqua et al., 2024). Although un-
certainties remain regarding the internal structure and driving forces of the unrest, a simplified model of the
system captures key dynamics. Following De Landro, Vanorio, Muzellec, Russo, et al. (2025), we schematize the
entire caldera volume in three primary zones (Figure 3c): the caprock, the gas‐reservoir (GR), and the inner
caldera border. The time‐changing pressure field of the gas‐enriched reservoir acting on the overlying fibrous
microstructure of the caprock, is the key element driving the Earth's surface ground deformation and, conse-
quently, triggering the occurrence of seismic sequence, first within the gas volume itself and, then, along pre‐
existing inner caldera bordering faults (De Landro, Vanorio, Muzellec, Russo, et al., 2025; Vanorio et al., 2025).

The current unrest, initiated in 2005, began with a slow deformation rate that allowed the GR to accommodate
stress through low seismicity and small‐magnitude events, occurring mostly within the caprock (De Landro,
Vanorio, Muzellec, Russo, et al., 2025). As deformation accelerated, smaller fault structures in the GR began to
lock, concentrating deformation on larger structures and intensifying seismicity. Until 2021, the system exhibited
a near‐linear stress‐strain relationship. However, after surpassing the deformation levels of the 1984 bradyseism
(Kilburn et al., 2023), the system entered the inelastic domain, characterized by a nonlinear stress‐strain curve.
This transition marked an increase in energy accumulation per unit volume, reflected in the growing magnitude of
major events (Figure 3a).

Recent studies corroborate this shift from quasi‐elastic to plastic‐elastic behavior (Kilburn et al., 2017, 2023). By
integrating geodetic and seismic data, we have uncovered critical aspects of the caldera's dynamic behavior,
paving the way for refined seismic hazard assessments and offering the opportunity to test whether the evolution
of seismic sequences can be used to anticipate the magnitude of future large earthquakes at Campi Flegrei.

4.3. Is It Foreseeable That the Magnitude of the Next Major Event Becomes Predictable?

Predicting earthquakes remains the ultimate challenge in seismology, and the answer to the question, “Can we
predict location, magnitude and date of the next major event?” has traditionally been a definitive no. However,
studies such as Rouet‐Leduc et al. (2017) and subsequent research have demonstrated that, in controlled labo-
ratory settings, the occurrence of major events can indeed be reasonably well predicted. Recent retrospective
analyses of the seismicity before large tectonic earthquakes have shown that studying the collective spatial
patterns and source properties of earthquakes it is possible, at least in some cases, to get hints of the proximity to a
large rupture (e.g., Núñez‐Jara et al., 2025; Picozzi et al., 2023, 2024a, 2024b; Venegas‐Aravena &
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Zaccagnino, 2025; Zaccagnino et al., 2024). Moreover, many studies on induced seismicity showed that it is
possible to forecast the occurrence and the magnitude of the earthquakes using data from the fluid‐injection
(Langenbruch et al., 2018, 2024; Li et al., 2021; Shapiro et al., 2010, 2011). Laboratory experiments and
induced seismicity scenarios where the generation of larger ruptures is driven by repeated processes are indicating
that in such contexts the forecasting of magnitude of forthcoming major events is no longer an unattainable target.
The case of induced seismicity is particularly interesting because it represents a scenario similar to that of Campi
Flegrei, where seismicity is also related to fluid injection, though from below and not human‐controlled (Akande
et al., 2021).

Our aim here is thus to show that unveiling the mechanisms driving the preparatory phase of larger earthquakes at
Campi Flegrei during the bradyseism represents a first step in the direction of, 1 day, predicting large earthquakes
and stimulate further research in the field of earthquake prediction and forecasting. The following preliminary
results that we are showing are obtained with a simple approach on purpose, in order to show the potential of
studying the preparatory phases to predicting the magnitude of the next major event in the next few days. Future
studies will explore the potential of artificial intelligence approaches to accomplish such a goal. It is important to
note that, in this paper, we use the term “prediction” to differentiate from what the scientific community call
“earthquake forecasting” because, at this preliminary stage, we do not introduce any probability assessment
(Kagan, 1997; Kagan & Knopoff, 1987).

As we have shown, at Campi Flegrei, the magnitude of the next large earthquake, Mmax, is closely tied to the
energy per unit volume accumulated during stress loading. Consequently, Mmax is linearly related to parameters
such as total deformation (DEF), deformation rate (DR), cumulative seismic moment, and residual strain (εres)
(Figure 2c; Figure S7 in Supporting Information S1). These relationships suggest the potential to develop a
methodology for predicting the magnitude of the next major event at Campi Flegrei. Besides the maximum
magnitude, we also explore the possibility of predicting the seismic rate.

4.3.1. Prediction Procedure

Here, we will not only focus on the sequences in Table 1, but we will use the whole data set of 12,399 events. The
new analysis includes two steps: (a) We set a training period within which a moving temporal window is
characterized by the measured residual strain, εres, and this latter put in relation with the maximum magnitude (or
the number of events) within another time window in the future; (b) Then, for the testing phase, we use the relation
obtained from step 1 (the training set) and the εres estimates for a given time window to predict the maximum
magnitude (or the number of events) in the future.

The data set until 3 October 2023 (day after the last Md 4.0 event of 2023) is used as a training set. Data from 3
October 2023, which clearly have not be used during the training, are used as a testing set. All the quantities are
computed every day at midnight, so that we obtain one set of data every day. It is worth mentioning, that after
having done preliminary analyses with different paramters, we have identified εres as the most promising one for
constructing the prototype of predictive system.

Furthermore, it is also worth to specify that we have trained two different models, both having εres as input, but in
one case the maximum magnitude,Mmax, as output and logarithm of the number of events, LNev in the other one.
Moreover, we compute εres on a causal moving window (only data in the past) with the length of NN days, while
Mmax, and LNev are computed on an anti‐causal moving window (only data in the future) with the length of MM
days.

When we relate εres with Mmax and LNev (Figures 4a, 4c, 5a, and 5c) for the whole testing period using different
time windows and binned data, we observe that their relation can be reasonably approximated by linear re-
lationships. We therefore explore different time window dimensions over the testing period to optimize the
prediction capability of the linear models between εres and Mmax or LNev. The fits are computed binning the data
byMmax, and LNev, in order to weight evenly the days with low and with high activity (that are naturally scarcer).
Moreover, for LNev prediction, we do not bin days with less than 10 events, that are not in the interest of the
methodology and may wrongfully force the relation. In the end, the prediction is made using a linear relationship
obtained with a robust fit with bisquare weight function (Dumouchel & O’Brien, 1991).
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We explored different values for NN andMM, from 20 to 120 days and from 5 to 60 days, respectively. In the end,
we evaluate the models obtained with the training set on the testing set. We assess the methodology performance
using two different statistical scores, that is to say accuracy and RMSE.

4.3.2. Prediction Results

In first instance, we use the accuracy of the prediction to select the best model. ForMmax prediction, we define the
positive cases to be the days when real Mmax ≥ 3 (i.e., earthquakes of public concern). For LNev prediction, we
use, as threshold, the 70th percentile of real LNev in the test set, defining as positive cases the days with LNev

greater than the threshold. We make this choice to avoid having combinations of NN and MM with high
imbalance between positive and negative cases. We report the accuracy scores for all the models explored in
Figure S9 of Supporting Information S1. We excluded from the evaluation the cases for which the relation ob-
tained a R2 score lower than 0.3 (gray square).

Figure 4 illustrates the best‐performing models by accuracy for predictingMmax and LNev. As said, the model has
been trained on data up to 3 October 2023 (gray area) and validated against data from October 2023 to November
2024, including the seismic sequence containing the largest recorded earthquake at Campi Flegrei within our
period of study (#19, Table 1).

For Mmax, the best model by accuracy is obtained for NN = 40, and MM = 5 with an accuracy of 0.72. The
retrieved prediction equation (Figure 4a) is

Mmax = (− 1.54 ± 0.33) + (6.90 ∗ 105 ± 0.70 ∗ 105) ∗ εres; σ = 0.68 (12)

Results for Mmax are presented with ±1 standard deviation over time in Figure 4b. During the testing period, the
model successfully captured the trend of the realMmax until the first days of May 2024. After it, the main event of

Figure 4. Best models for prediction of Mmax and LNev selected by accuracy (Figure S8 in Supporting Information S1). (a) Maximum magnitude recorded in the next
5 days versus Residual Strain measured in the last 40 days. Black shaded dots refer to daily data. Red shaded squares refer to data binned in along the y‐axis. Red solid
lines refer to the fit (Table S1 in Supporting Information S1) and to the confidence interval. (b) Prediction of the Maximum magnitude recorded in the next 5 days using
data from the last 40 days. Black line represents the observed value of Maximummagnitude. The red area represents the confidence interval of the prediction. The black
dashed line refers to the threshold used to compute accuracy. (c) Logarithm of number of events for the next 25 days versus Residual Strain measured in the last 25 days.
Black shaded dots refer to daily data. Blue shaded squares refer to data binned in along the y‐axis. Blue solid lines refer to the fit (Table S1 in Supporting Information S1)
and to the confidence interval. (b) Prediction of the Logarithm of number of events for the next 25 days using data from the last 25 days. Black line represents the
observed value of Logarithm of number of events. Blue area represents the confidence interval of the prediction. The black dashed line refers to the threshold used to
compute accuracy.
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sequence #19, the largest event in our records, is over‐estimated. From June 2024 to July 2024, the prediction is
good again while after it become quite unstable. However, the main event of sequence #20 is well‐predicted.

For LNev, the best model by accuracy is obtained for NN = 25, and MM = 25 with an accuracy of 0.78. The
retrieved prediction equation (Figure 4c) is

LNev = (0.59 ± 0.11) + (4.61 ∗ 105 ± 0.43 ∗ 105) ∗ εres; σ = 0.34 (13)

Results for LNev are presented with±1 standard deviation over time in Figure 4d. In this case, the model is able to
characterize the general trend of the seismicity until May 2024 but the prediction is underestimated from mid‐
January 2024 to mid‐March 2024. Despite that, the most critical period of sequence #19 (10–20 May 2024) is
well‐predicted. Just after the main event, the model strongly underestimates LNev for about a month. After July
2024, the model well predicts a decreasing trend but the predictions become extrememely variable.

In the second method, we use RMSE. RMSE on the testing set is the best estimation for the uncertainty of the
prediction and it is usually greater than the one obtained for the training set. We report the RMSE computed for all
the models explored in Figure S10 of Supporting Information S1. As done before, we excluded from the eval-
uation the cases for which the relation obtained a R2 score lower than 0.3 (gray square).

Figure 5 illustrates the best‐performing models by RMSE for predictingMmax and LNev. ForMmax, the best model
by accuracy is obtained for NN = 50, and MM = 55 with an RMSE of 0.98. The retrieved prediction equation
(Figure 5a) is

Mmax = (− 0.10 ± 0.32) + (3.95 ∗ 105 ± 0.56 ∗ 105) ∗ εres; σ = 0.78 (14)

Figure 5. Best models for prediction of Mmax and LNev selected by RMSE (Figure S9 in Supporting Information S1). (a) Maximum magnitude recorded in the next
50 days versus Residual Strain measured in the last 55 days. Black shaded dots refer to daily data. Red shaded squares refer to data binned in along the y‐axis. Red solid
lines refer to the fit (Table S1 in Supporting Information S1) and to the confidence interval. (b) Prediction of the Maximummagnitude recorded in the next 50 days using
data from the last 55 days. Black line represents the observed value of Maximummagnitude. The red area represents the confidence interval of the prediction. The black
dashed line refers to the threshold used to compute accuracy. (c) Logarithm of number of events for the next 10 days versus Residual Strain measured in the last 45 days.
Black shaded dots refer to daily data. Blue shaded squares refer to data binned in along the y‐axis. Blue solid lines refer to the fit (Table S1 in Supporting Information S1)
and to the confidence interval. (b) Prediction of the Logarithm of number of events for the next 10 days using data from the last 45 days. Black line represents the
observed value of Logarithm of number of events. Blue area represents the confidence interval of the prediction. The black dashed line refers to the threshold used to
compute accuracy.
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Results for Mmax are presented with ±1 standard deviation over time in Figure 5b. The model is able to catch the
general trend of Mmax. In this case, the method predicts Mmax in within 1σ almost in all the testing set but for the
period betweenMid‐January 2024 and mid‐April 2024 where the estimation is underestimated. So that, the model
correctly predictMmax during sequences #19, well‐predicting the occurrence of the main event. On the other hand,
the model slightly overestimates Mmax during the occurrence of the main event of sequence #20 in July 2024.

For LNev, the best model by accuracy is obtained for NN = 45, and MM = 10 with an RMSE of 0.48. The
retrieved prediction equation (Figure 5c) is

LNev = (0.23 ± 0.29) + (2.37 ∗ 105 ± 0.47 ∗ 105) ∗ εres; σ = 0.32 (15)

Results for LNev are presented with ±1 standard deviation over time in Figure 5d. The model well predicts LNev

until mid‐January. After that, the model predicts the general increasing trend underestimating the real values until
May 2024. After May 2024, the model, most of the time, well predicts or slightly overestimates LNev. During the
main events of both sequences #19 and #20, LNev is slightly overestimated.

4.3.3. Take‐Away Messages From Prediction Procedure

We introduced a prototype approach for the prediction of Mmax and LNev using seismological and deformation
data in Campi Flegrei. We explored many configurations of parameters looking for the best model. However, how
to select the best model is a not trivial problem. As seen, many models achieve good results in the prediction so it
is reasonable to believe that many models can be seen as the best model depending on the score chosen to judge
the models. So that, the choice of the score is a key aspect.

For example, choosing accuracy, as done for Equations 10 and 11 (Figure 4), we prefer to use a model that
predicts the a binary output and that answers the question “will theMmax be greater than 3.0?” or similar for LNev.
This kind of models can be very useful for emergency managent where usually it is used some sort of threshold to
declare alerts or to raise alert levels. On the other hand, choosing RMSE, we prefer models that overall predict the
exact values of the output. These models are usually preferable but not always achievable since the problem can
be too complex. So that, the models themselves tend to be more complex and so, more prone to overfitting failing
to predict new data.

The retrieved models (Equations 10–13) are able to generally catch the trends ofMmax and LNev even if they fail,
in certain periods, in correctly predicting the exact value. We believe that, the models ability to catch the general
trend of seismicity hints that the problem is solvable, so that Mmax and LNev are effectively dependent on the
seismicity and deformation in the previous days. This also suggests that at the bradyseism is characterized by
cycles of pressure buildup and seismicity that make the system almost predictable. On the other hand, the fact that
all the models fail to predict certain periods suggests that more complex models are needed or that ensembles of
simpler models is needed to achieve better performances.

It is interesting to note that most of the events in our data set are located in the central area below Solfatara crater.
This can be a reliability factor for the models, since the effective location of the events is never taken into account,
except for the computation of Vs. We believe that, in future works, further improvements could be achieved
taking to account the events location.

5. Conclusions
In this work, we studied the preparatory phase of major earthquakes in Campi Flegrei exploring the link between
deformation and seismicity. Our findings provide transformative insights into the preparatory processes under-
lying seismicity at Campi Flegrei, offering a critical foundation for developing predictive models that could
significantly enhance risk mitigation efforts in this densely populated area.

By elucidating the relationship between deformation and seismicity, this study advances our understanding of the
dynamic behavior of Campi Flegrei and establishes a clear link between seismicity, deformation, and deformation
rates. Notably, we demonstrate that major seismic events at Campi Flegrei follow a common preparatory process
directly tied to deformation, revealing a cyclic behavior that holds promise for forecasting methodologies
applicable to other active volcanic systems worldwide.
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The integration of geodetic and seismic data reveals a significant departure from elastic behavior in the caldera's
response, beginning in 2022. This transition underscores the importance of continued monitoring and model
refinement to address the pressing challenges of seismic hazard mitigation.

Our results highlight the potential to anticipate major seismic events at Campi Flegrei, marking a significant step
toward proactive hazard management and contributing to the development of effective early warning systems. By
linking major events with their precursory seismicity, this study provides a template for broader applications in
volcanic risk assessment.

While uncertainties remain regarding the caldera's internal dynamics, the demonstrated correlation between
deformation patterns and seismic outcomes represents a critical advance in the pursuit of reliable earthquake
forecasting. These findings emphasize the necessity of sustained observation and interdisciplinary approaches to
improve risk management in volcanic regions worldwide. Translating these insights into reliable forecasting tools
will require further research, long‐term data, and methodological advances.
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