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G E O P H Y S I C S

The recurrence of geophysical manifestations at the 
Campi Flegrei caldera
Tiziana Vanorio1*, Davide Geremia1†, Grazia De Landro2†, Tianyang Guo1

The Campi Flegrei caldera (CFc), Italy, exhibits distinct unrest patterns, including shallow seismicity following sub-
stantial strain accumulation, all within a densely populated area. Previous geophysical studies typically analyzed 
individual episodes, but by comparing two distinct unrest periods we identified recurring manifestations and 
VP/VS anomalies linked to a confined reservoir at 2- to 4-kilometer depth. Integrating rock physics experiments 
under hydrothermal conditions, 24 years of rainfall data, and subsurface hydrodynamics, we found increasing 
rainfall rates, which indicate reservoir recharge and pressurization. We show that hydrothermal water promotes 
caprock sealing through the formation of a fibrous microstructure. Our experiments further demonstrate that 
fluid accumulation rates directly influence deformation rates. Together, these processes drive gradual deforma-
tion, natural seismicity, and deepening earthquake foci. Recognizing these recurring patterns is crucial for under-
standing the caldera’s unrest-driving mechanism, enabling us to offer actionable insights for hazard assessment 
and engineering solutions, such as intercepting water upstream to prevent drainage toward Pozzuoli.

INTRODUCTION
Episodes of caldera unrest worldwide present major challenges for 
individuals, scientific institutions, and local authorities, particularly 
in densely populated regions. Effective risk evaluation and manage-
ment are challenging due to the complexities of the subsurface envi-
ronment and the limitations in interpreting data from remote 
geophysical monitoring, especially from single episodes of unrest. 
However, continuous monitoring and long-term data series now 
enable comparisons across different unrest episodes, identifying 
patterns and anomalies that might not be evident in single, point-
in-time snapshots of unrest. Shifting the focus from individual, 
isolated events to understanding subsurface processes as part of 
broader, periodic geological patterns allows for a dynamic, time-
dependent understanding of subsurface processes. This approach 
aids in designing novel laboratory experiments to explain field hy-
drothermal processes, helping to resolve conflicting geophysical 
findings (1). The Campi Flegrei caldera (CFc) in Italy exemplifies 
this challenge, undergoing cyclical unrest with debated causes. Tra-
ditional risk management strategies such as displacing residents (2) 
fall short, causing severe economic and social disruption while fail-
ing to protect critical infrastructures (e.g., electric, municipal water, 
and methane gas lines).

CFc’s unrest features ground deformation, seismic activity, and 
gas emissions similar to other calderas (3). However, CFc is unique 
in that it experiences substantial uplift, sometimes reaching levels in 
the range of meters, while seismic energy is not promptly released 
despite substantial strain accumulation (2, 4). These events, charac-
terized by slow, rhythmic ground movements known as bradyseism 
(slow movement), were described by Lyell in the 19th century (5). 
Academic discourse has traditionally emphasized melt refill 
(6–10) to explain deformation and seismicity, often overlooking 
CFc’s fundamental nature as a geothermal field with an active hy-
drodynamic activity (11, 12). The caldera exhibits signs of phreatic 

explosions—the most recent occurring in 1538 (13)—that have 
resulted in a volcanic field characterized by multiple craters rather 
than a single cone.

Advanced seismic imaging techniques, using both active and 
passive sources (14–19), have elucidated the CFc caldera’s structure 
down to 7- to 8-km depth. Moreover, 13 wells drilled in the area 
during the 70–80s provided stratigraphic data of the horizons, geo-
thermal reservoir characterization, and core samples (20–25). The 
caldera features a funnel-shaped structure (14–16) formed by its 
collapse, consisting of (i) a deep melt zone at 7 to 8 km in the Meso-
zoic carbonates of the Southern Apennine nappes (17) and (ii) two 
hydrothermal reservoirs: a shallower water-dominated reservoir 
(20, 21) up to 1 km deep in the Neapolitan Yellow Tuff with high 
VP/VS ratio (8, 15, 18, 19), the ratio of P-wave velocity (VP) to S-
wave velocity (VS), and a deeper, gas-enriched reservoir below ~2 km 
within volcanoclastic marine sediments. This latter consists of siltite 
(clay, marly silt, and sand) mixed with volcanics (tuffites) (22–24), 
characterized by low VP/VS ratios (8, 15, 19) and permeated by 
superheated water with a dissolved CO2 content varying from 1 to 
5% (20, 21). A caprock of cemented pyroclastic material (21, 25) 
from the Campanian ignimbrite eruption (16) is situated between 
~1 and 2 km and separates the two reservoirs while capping the 
deeper one. Figure S1 illustrates the stratigraphic formation of the 
caldera observed in wells SV3 and SV1 (20, 21) and provides a vi-
sual of the core samples from SV wells along their P-wave velocity.

Within the deforming area, the caprock marks the onset of veloc-
ity reversals below 2 km (fig. S1C) (15), indicating a caprock seal 
overlying the overpressurized volcaniclastic-siltite formation. The 
overpressure prevents effective stress from increasing as rapidly as it 
would under normal lithostatic pressure conditions, thereby main-
taining relatively high porosity. Vanorio and Kanitpanyacharoen 
(25) linked the ability of this caldera to experience substantial uplift, 
while accumulating strain energy, to the fiber-reinforced nature of 
the reservoir’s caprock microstructure, which enhances mechanical 
response (26–29). Vanorio and Kanitpanyacharoen (25) hypothe-
size a natural cementation process resulting from a pozzolanic reac-
tion, typical of cement, between volcanic ash and hyperalkaline 
fluids such as sodium- and calcium-rich brine found in the wells 
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(20). While it is known that fiber entanglement influences the me-
chanical response (26–28) and hydrothermal conditions can promote 
fiber formation (29), this process has not yet been experimentally 
verified under conditions and compositions specific to the caldera. 
Most recently, De Landro et al. (30) used a dataset of ~10,500 events 
from the ongoing unrest (2011–2024), along with an initial three-
dimensional mapping of earthquake locations from (31), and veloc-
ity and strain signatures from rock physics experiments under 
hydrothermal conditions. This enabled De Landro et al. (30) to de-
fine, with unprecedented resolution, key structures of the CFc and 
the spatiotemporal evolution of seismicity.

The use of rock physics data from deep wellbores in constraining 
seismic imaging studies addresses the “known unknowns” described 
by Hill (1), which is crucial for overcoming the limitations of geo-
physical methods not directly measuring rock physics properties in 
the subsurface. These rock property insights have provided context 
for modeling CFc’s deformation history over the past 35 years, pro-
posing a correlation between ground deformation and variations in 
pore pressure and fluid content within the hydrothermal system 
(32). However, the triggers and mechanisms behind the periodic 
unrest remain unclear.

This study explores the “unknown unknowns” described by Hill 
(1), including overlooked knowledge and perturbations to the 
geothermal system of CFc. We identified recurring patterns in un-
rest manifestations, deformation and seismicity, along with VP/VS 
anomalies, suggesting a common underlying cause that periodically 
reoccurs in the area, producing similar temporal and spatial pat-
terns and anomalies. This prompted an investigation into their con-
nection to the potential recharge of the confined reservoir over time, 
considering subsurface hydrodynamics, the sealing of its caprock, 
and changes in the rate of deformation due to pressure buildup. The 
plausibility of these hypotheses was tested in the laboratory through 
site-specific experiments conducted under both burial pressure and 
hydrothermal conditions.

Specifically, this study addresses three unanswered and intercon-
nected questions that are crucial for understanding the engine of 
deformation: What is the potential source of fluids that accu-
mulate slowly over time, and what pressure could it generate? 
What factors might control the rate of deformation in the fluid-
accumulating reservoirs as pressure builds up? How does the 
caprock reseal and develop a fiber-reinforced rheology capable of 
accumulating strain energy?

Our study begins by establishing temporal patterns in recorded 
seismicity and deformation, along with spatial correlations in veloc-
ity anomalies within the central region of the caldera. We analyzed 
unrest from two distinct time periods: the ongoing unrest (2011–
2024) and the 1982–1984 episode, during which the peak of the 
crisis prompted the establishment of continuous and permanent 
monitoring in the area. Our analysis reveals a recurrence of unrest 
manifestations and VP/VS anomalies within two key structures in 
the caldera—the confined geothermal reservoir and the caprock, 
highlighting persistent features tied to local geological characteris-
tics. By integrating 24 years of pluviometry data, caldera hydrody-
namics, and site-specific hydrothermal experiments, we demonstrate 
that the recharging of the geothermal reservoir is consistent with 
increased pore fluid pressure from the steady influx of rainwater and 
CO2. Because pore pressure buildup requires a closed system, we 
experimentally demonstrated: (i) the rapid cementation of volcanic 
material and its fibrous nature, developing through hydrothermal 

processes; and (ii) how the rate of deformation depends on fluid 
accumulation rates. As a back-of-envelope calculation, we also esti-
mated the pore fluid pressure resulting from water-steam accumu-
lation within the reservoir, along with CO2 from decarbonation 
reactions at depth.

Data analyses and experiments enable us to conclude that the 
unrest in the volcanic-geothermal field of Campi Flegrei represents 
a perfect storm of geology. The caprock’s ability to self-heal due to 
the properties of hydrothermal water and the slow hydrological re-
charge of the geothermal reservoir (i.e., rainfall seepage), over time, 
work in tandem to seal the system and increase pore fluid pressure 
while reducing effective stress, ultimately triggering seismicity. The 
rapid isenthalpic upflow of fluid, driven by liquid flashing to steam 
during rock fracturing, accelerates reservoir depletion and induces 
dynamic migration of effective stress both downward and laterally. 
This stress redistribution propagates from the caprock down to the 
gas-enriched reservoir and its boundaries, triggering seismicity.

This proposed mechanism for driving the CFc unrest offers a 
comprehensive explanation for this periodically recurring phenom-
enon, reconciling the geophysical observations in the area, includ-
ing seismic velocity anomalies, variations in ground deformation 
rates, seismicity distribution, and subsidence that concludes the un-
rest episode. We propose an engineering solution that involves in-
tercepting water upstream through withdrawal from existing wells. 
This approach aims to alleviate both the financial burden on local 
communities and the hazards associated with phreatic eruptions in 
an area that has been affected by this phenomenon for millennia.

RESULTS
Temporal patterns of unrest manifestations
The CFc is a large siliciclastic caldera, collapsed within the Mesozoic 
carbonate bedrock of the Campanian Plain (Fig. 1) (13, 16). The 
most recent unrest episodes occurred in 1950–1952, 1970–1972, 
and 1982–1984, resulting in uplifts of 0.5, 1.7, and 1.8 m, respec-
tively (4). Since 2011, a renewed phase of unrest has emerged after 
~26 years of subsidence of ~90 cm since 1985, characterized by a 
period of seismic quiescence. Only the last two unrest episodes have 
received continuous monitoring, a practice that began amidst the 
1982–1984 crisis and led to the establishment of a permanent geo-
physical network. Geodetic data reveal that uplift is typically con-
centrated within a roughly 5-km–wide area, peaking consistently 
within 3-km radius of the central sector of the caldera, where the 
city of Pozzuoli is located (2, 4). This suggests a relatively small and 
shallow stress source. The uplift is accompanied by shallow earth-
quakes and periods of aseismic subsidence.

We compared the unrest manifestations from the two most re-
cent episodes, 1982–1984 and the ongoing unrest. Figure 2 illus-
trates the notable similarities of the manifestations from the two 
unrest episodes. Both episodes are characterized by (i) notable verti-
cal uplift of the Earth’s surface (black curve in Fig. 2 A and B) and 
(ii) a notable increase in the rate of seismic events (red bins) when 
uplift overcomes ~60 to 70 cm, indicating that subsurface rocks can 
accumulate substantial strain energy before releasing it as seismic 
activity. Seismicity (black circles) from the peak of the crises is con-
centrated within the shallow portion of the inner caldera system, 
with events primarily occurring at depths between 1 km and 4 km, 
far from the melt region at 8 km (16). Both depth and magnitude 
(circle size) of seismic events evolve over time (Fig. 2). At the early 
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stage of the unrest, seismic events exhibit low magnitudes and are 
primarily concentrated between 1 and 2 km. As unrest progresses, 
earthquake foci deepen, releasing greater amounts of energy (30–
31, 33), shown by the greater magnitude. Data also show a lack of 
seismic activity between depths of 8 km and 5.5 to 6 km during both 
unrest episodes. Collectively, these observations suggest that the 
process initiates at shallow depths, between 1 and 2 km, and gradu-
ally migrates downward.

We also compared seismic imaging based on microearthquake 
travel times from the 1982–1984 unrest (15) and the ongoing unrest 

(30) (Fig. 3, A and B, respectively). Despite the substantial difference 
in source-station configuration—1209 events for 1982–1984 (15) 
and ~8000 events for the ongoing unrest (30), resulting in a different 
resolution and depth of investigation, the spatial correlation in 
VP/VS anomalies is notable. Both periods consistently show a low 
VP/VS ratio between ~2 and 4 km (shades of red), highlighting a 
recurring feature across the two unrest phases. Rock physics model-
ing (15) and experiments (30, 34) enabled the association of the low 
VP/VS ratio as indicative of a pressurized, gas-enriched confined res-
ervoir—as steam, CO2, or both together. Presence of melt would 

Fig. 1. Geological map of the Neapolitan volcanic region, including the CFc and Mt. Vesuvius. Both volcanic systems are situated within the basement of the Southern 
Apennine nappes’ Mesozoic carbonates and are surrounded by the Apennine chain. Light green symbols represent regional pluviometric stations located on the Apennine 
Mesozoic carbonates, while gray symbols denote local pluviometric stations near Pozzuoli. Redrawn from the supplemental figure in (64); https://creativecommons.org/
licenses/by/4.0/. A–A′ indicates the profile of the section shown in Fig. 8. NW, northwest; SE, southeast.

BA

Fig. 2. Recurrence of geophysical manifestations at the CFc during two unrest episodes. Panels (A) and (B) correspond to the 1982–1984 unrest and the ongoing 
unrest that began in 2011, respectively. Geophysical observations include vertical displacement (black line), seismic events (black circles) represented by magnitude size, 
and seismic event counts (red bins). Both episodes are marked by substantial vertical uplift of the Earth’s surface and a notable increase in seismic activity as vertical dis-
placement exceeds 60 cm. Seismicity also evolves with depth (red arrow): During the early stages of unrest, seismic events have low magnitudes and are primarily con-
centrated between 1 and 2 km. As the unrest progresses, earthquake foci deepen, and magnitudes increase. ΔD, vertical displacement.
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result in a high VP/VS ratio (15) as Vs would decrease much faster 
than VP (35). The comparison of geophysical signatures with well-
bore stratigraphy (fig. S1) shows that this low VP/VS horizon corre-
sponds to the confined reservoir hosted within a volcaniclastic siltite 
(tuffite and quaternary marine and continental deposits) (20, 21), 
with caprock lying between 1 and 2 km above it. The evolution of 
seismicity described above, along with the stratigraphy, indicates 
that seismic events start at shallow depth in the caprock and, subse-
quently, shift downward to the confined reservoir.

The identification of recurrence in a lowVP/VS between 2 and 3 km 
(Fig. 3), along with the onset of seismicity at shallow depths follow-
ing a downward migration of seismicity (Fig. 2), suggests a process 
where effective stress changes dynamically over time, propagating 
downward from the caprock to the reservoir. The condition for initi-
ating rock failure is expressed in terms of the effective stress, given by

where the critical shear stress τcrit is the product of the coefficient of 
friction μ and the difference between the applied normal stress σn 
and the pore pressure P. This difference is known as the effective 
normal stress (36, 37). Because the phenomenon is highly localized 
and tectonic stresses are unlikely to change markedly in this small 
region, we focused on the variations in effective normal stress due to 
dynamic changes in pore fluid pressure. Specifically, our analysis ad-
dressed the following: (i) identifying the fluid supply source respon-
sible for the observed slow ground deformation in the area, including 
uplift, its rate, and subsidence; (ii) the recharge of the confined res-
ervoir with low VP/VS characteristics; and (iii) the sealing mecha-
nism of the caprock under hydrothermal conditions, an essential 
synergy that drives the reduction in effective stress.

Pluviometry data and caldera hydrodynamics
We examined the hydrodynamics of the CFc, including both poten-
tial sources of fluids that could feed the caldera system and the cir-
culation directions of the underground flow. Given the patterns of 

unrest (38) and the hypothesized “breathing” of the caldera (32) due 
to slow deformation, the fluid supply source must accumulate slow-
ly yet able to cyclically trigger seismicity when it reaches a critical 
threshold of fluid mass for pore pressure buildup. In other words, 
while a single drop of water has little impact in a depleted reservoir, 
it can be crucial in a fully saturated one.

We analyzed the regional and local rainfall data over the past 24 
years (39). Figure 4A shows the yearly percentage changes of rainfall 
over time, measured at both local stations near Pozzuoli and region-
al stations surrounding the Campanian plain (Fig. 1). The regional 
stations are situated on the Apennine Mesozoic carbonates, which 
eventually feed the deep-water circulation within the carbonate 
rocks underneath the caldera. Data from the single stations are re-
ported in the Supplementary Materials (fig. S2). The year-to-year 
percentage change examines the variations of rainfall over time 
while addressing the limitations of assessing single points in time. 
Precipitation does not follow a systematic pattern from year to year, 
with some years experiencing rainfall higher or lower than the aver-
age. In considering each measurement in relation to the previous 
one, rather than evaluating them individually and independently, 
the change captures how water volumes evolve over time, thus being 
a proxy of how cumulative rainfall contributes to water level in res-
ervoirs. Data in Fig. 4 show that year-to-year percentage of rainfall 
has increased over the past 24 years, which means that the rate of 
change in rainfall has been growing, not necessarily the total annual 
rainfall itself. We also examined the underground fluid circulation 
within the caldera system (40, 41). Figure 4B shows the isolines of 
the hydraulic heads of the shallower reservoir within the caldera 
along with the epicentral distribution of seismic activity and the iso-
lines of the deformation. The area experiencing the maximum de-
formation is centered around the city of Pozzuoli, as indicated by 
the POZ and RITE stations. Here, our focus is on emphasizing the 
geometry and direction of the subsurface hydrodynamic flow rather 
than its actual magnitude, which varies over time. Due to the caldera 
collapse, the watershed boundaries (purple dotted lines) create a 

τcrit = μ
(

σn−P
)

+ τo (1)

BA

Fig. 3. Recurrence of the VP/VS ratio from seismic tomography. (A) represents microearthquake travel times during the 1982–1984 unrest (15), (B) represents the ongo-
ing unrest (30). Despite the notable difference in dataset sizes and source-station configuration, resulting in a different volume of investigation and resolution, the recur-
rence and spatial correlations within the low VP/VS anomaly are notable. The low VP/VS ratio suggests a pressurized, gas-enriched confined reservoir (15), as the presence 
of compressible gas in the pore spaces of rock greatly reduces VP. The origin (0 km) of the investigated volume in (15) corresponds to 5 km in (30) (purple dot) and aligns 
with the location of the city of Pozzuoli.
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drainage system within the caldera that radiates outward and down-
ward, ultimately collecting downstream toward the town of Poz-
zuoli, the lowest hydraulic point in the local drainage basin where 
groundwater converges and accumulates. Figure 4B also shows that 
the boundaries of the caldera’s catchment area (purple dotted lines) 
encompass the region affected by ground deformation (blue lines). 
This indicates that the deformation processes are largely contained 
within the natural drainage and recharge system of the caldera, sug-
gesting a hydrological and geomechanical connection between the 
two. This could imply that fluid flow within the catchment area in-
fluences ground deformation, possibly due to subsurface fluid ac-
cumulation, pressure changes, and hydrothermal activity. Figure S3 
illustrates a continuously increasing water head level in a well dur-
ing the past 24 years and during the 1982–1984 period (42). These 
periods are also associated with a lower pumping rate, suggesting 
that reduced water usage also contributes to fluid accumulation, as 
reported by (42) for a well in the Neapolitan area.

Additional fluids, both of volcanic origin (43) and from thermo-
metamorphic processes (25), can further contribute to fluid accu-
mulation and pore fluid pressure buildup, when degassing is impeded. 
We explored the generation of fluids that results from processes 
triggered by the gradual accumulation of groundwater within the 
carbonate basement (14,  16) hosting a melt region (17). In high-
temperature environments, water circulating through limestone 
exposed to heat promotes CO2 formation through decarbonation 
(calcination) reactions, leading to the formation of CO2 and CaO 
(lime). While these reactions typically require temperatures around 
800°C in dry systems, they can occur at as low as 300°C in the pres-
ence of water (44)

The occurrence of decarbonation reactions within the CFc is 
supported by several observations, including (i) the presence of wol-
lastonite and actinolite in core samples from wells (20), indicative of 
thermometamorphic reactions within the carbonate basement (25); 
(ii) isotopic analysis of CO2 from fumaroles showing that about 20 
to 40% of the CO2 is of sedimentary origin (45, 46); and (iii) the 
brine composition from wells being rich in calcium oxide [tables 1 
to 3 of (20, 21)].

We estimated the pressure generated by CO2 formation at a 
depth of 3 km, where temperatures reach 300° to 400°C, to be 
~57 MPa for a complete decarbonation reaction. This estimation 
hypothesizes that 1 m3 of water infiltrates the subsurface, to test the 
plausibility of the hypothesis (see the Supplementary Materials for 
details). This CO2 pressure adds up to the pressure from other flu-
ids accumulating in the caldera, such as water and vapor (~8.5 MPa 
at 300°C; see the Supplementary Materials for details). If the res-
ervoir pressure is higher than the saturation pressure at 300°C 
(8.5 MPa), then water will stay in the liquid state. Vanorio and 
Kanitpanyacharoen (25) reported that the fracture strength of CFc 
caprock ranges from 45 to 74 MPa depending on depth (i.e., vary-
ing confining pressures).

Hydrothermal water cementation and caprock sealing
Steady accumulation of groundwater and CO2, as potential fluid sup-
plies for the geothermal system’s recharge, combined with early-stage 
seismicity observed at shallow depths within the CFc caprock (Fig. 
2), underscores the importance of understanding the caprock’s seal-
ing ability to create a closed system where fluids are trapped, allowing 
pore pressure to build up. We examined how the reservoir’s caprock 
can self-seal under hydrothermal conditions, as well as the potential 
for developing a fiber-growth microstructure (25) that contributes to 
a rheology capable of accumulating substantial strain energy.

2CaCO3(calcite) +SiO2(quartz)

+H2O↔CaSiO3(wollastonite) +CaO(lime) +2CO2+H2O
(2)

Fig. 4. Rainfall data and subsurface hydrodynamics at CFc. (A) Average rate of change of rainfall as a function of time, measured at both local stations near Pozzuoli 
(black) and regional stations surrounding the Campanian plain located north and north-west (green) and southeast of Pozzuoli (red). The locations of pluviometric sta-
tions are shown in Fig. 1, with data from individual stations provided in fig. S2 (39). (B) The epicentral distribution of seismic activity is color-coded by depth (red shades) 
and overlaid with hydraulic head contours [black isolines, in meters above sea level (a.s.l.)]. The hydraulic head isolines (40, 41) indicate flow radiating outward and drain-
ing toward the sea (black arrows), including the town of Pozzuoli, where two ground deformation monitoring stations (POZ and RITE) are located. The watershed bound-
aries (purple dotted line) define the drainage area encompassing the region experiencing ground deformation. Blue isolines represent vertical deformation, with labels 
indicating uplift from 2011 to 2024 in meters.
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We conducted experiments using rock compositions and pressure-
temperature (PT) conditions pertinent to the caldera. Temperature 
conditions of the experiment replicate those from a well within 
the caldera rim at 1- to 2-km depth (180° to 250°C, SV1 well). Con-
ducted in a hydrothermal vessel (Fig. 5C) with a core holder that 
mimics the funnel-shaped structure of the CFc, this setup functions 
much like a moka pot (Fig. 5A). We designed the experiment with a 
bottom chamber filled with Ca-rich brine to represent the fluid cir-
culating within the confined reservoir [tables 1 to 3 of (20, 21)], and 
a funnel filter positioned above the reservoir through which vapor 
rises via its conduit to promote vapor-transport reactions (Fig. 5B 
and fig. S4). The funnel filter contains crushed rock to simulate a 
fractured caprock seal that follows an earthquake cycle (47). This 
material is made up of unconsolidated volcanic ash and crushed 
trachyte-phonolite rocks from ultrapotassic volcanism typical of the 
Tyrrhenian margin. The system is then heated at 200°C by a heat 
source, simulating the magma chamber at depth (17). Within just 
24 hours of hydrothermal synthesis, the experiment revealed rapid 
self-healing through cementation (Fig. 5B), which is driven by the 
hydrothermal water’s properties. Between 150° and 250°C, hydro-
thermal water acts as a potent solvent, with a high ionic product 
(Kw) and a dielectric constant like powerful solvents (48). SEM anal-
ysis of the self-healed material shows the presence of fibrous phases 
interspersed within the matrix and pore space (Fig. 6A) and entan-
gled (Fig. 6B). This experiment advances our understanding of 
processes in hydrothermal systems and demonstrates that the hy-
drothermal conditions present in the caldera can promote rapid self-
healing through the formation of mineral fibrous phases, reflecting 
the fibrous microstructure of the CFc seal (25).

DISCUSSION
Geophysical observations and patterns of unrest
The CFc experiences periodic unrest, requiring careful hazard assess-
ment and proactive risk management, especially considering the re-
gion’s strong anthropization and extensive infrastructure, including 

methane lines, within an area of high deformation. By analyzing the 
two most recent unrest episodes, we identified recurring spatial and 
temporal patterns in the manifestations of unrest and seismic anom-
alies, including (i) an uplift phase exhibiting variable rates, followed 
by eventual subsidence; (ii) a seismogenic zone consistently located 
at shallow depths between 1 and 4 km, with seismic activity migrat-
ing downward from 1 to 2 km to 4 km (Fig. 2); (iii) a recurrent low 
VP/VS anomaly between 2 and 4 km (Fig. 3), consistent with the loca-
tion of a confined, gas-enriched reservoir at an isotherm of 350°C, 
where the state of the fluid it contains is pressure dependent, from 
superheated water at high pressure to vapor dominated as pressure 
decreases. Despite the difference in resolution, the consistency of this 
anomaly across two tomographic studies (15, 30) from distinct un-
rest episodes—each characterized by very different datasets, both in 
amount of data and source-station configurations—reinforces the 
reliability of its recurrence; (iv) an increase in seismic event rates 
when uplift exceeds ~60 to 70 cm, indicating a subsurface rheology 
that accommodates substantial strain energy before being released as 
seismic activity (Fig. 2); and (v) the lack of seismicity between depths 
of 8 km (melt depth) and ~5 km (the deepest yet sparse recorded 
earthquakes) during the unrest episodes.

If rising magma or magmatic fluids were the primary drivers of 
the unrest, then we would expect seismicity originating from depths 
of around 8 km, where melt has been detected in seismic reflection 
studies (17), rising then to 5 km, where the deepest seismicity is 
recorded. However, Fig. 2 shows that seismicity begins at shallow 
depths (1 to 2 km) and then it deepens. If melt were intruding from 
7 to 8 km and rising to shallower depths, then we would observe 
the opposite trend. Additionally, the CFc experiences both uplift 
and subsidence. Following the 1982–1984 unrest, Pozzuoli has un-
dergone ~26 years of sustained subsidence (~90 cm), marked by a 
period of seismic quiescence. If magma had ascended or hot bodies 
had intruded during the uplift phase, then it remains unclear where 
these masses would be displaced to enable the observed subsidence. 
Once emplaced, dykes and sills occupy both solid mass and volume. 
For subsidence to occur after uplift, the mass that entered the system 

Fig. 5. Cementation of volcaniclastic material from ultra-potassic volcanism occurring through a hydrothermal process. The process replicates the rock composi-
tion, temperature, and calcium-rich fluids found at depths of 1 to 2 km within the caldera (20, 21), where the seal of the CFc geothermal system is located. (A) A concep-
tual “moka” diagram illustrates the setup: a bottom chamber representing the deeper reservoir, a funnel filter within the hydrothermal vessel (fig. S4) simulating the 
caprock, and a hot plate mimicking the heat source from the deep melt region (17). (B) Sample preparation stages, from an empty filter to sample recovery. The funnel 
filter contains volcanic ash and crushed trachyte-phonolite compositions, simulating fractured caprock after an earthquake cycle, with a conduit allowing vapor to rise. 
(C) Parr reactor, hydrothermal vessel containing the sample holder from (B). Design credit for (A): D. L. Mantle, Stanford University; Software used: Concepts App by 
TopHatch.
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must exit, which can plausibly be explained by fluids leaving the sys-
tem, whether in the form of vapor, gases, or liquid water.

Instead, the observed recurrence in unrest manifestations with-
in the first 4 km suggests that the underlying mechanism has re-
mained consistent over time and is periodically triggered. These 
observations highlight the importance of understanding the role of 
the structural features within the first 1 to 4 km of the local geology, 
including the recharge of the reservoir at depth. Recent studies have 
reported a link between intense snow fall and stress changes (49) as 
well as rainfall and seismic swarms (50–52). Compared to previous 
work, this paper focuses on the year-to-year percentage change in 
rainfall, rather than the magnitude of rainfall on any single day. This 
approach emphasizes the growing rate of rainfall (i.e., the additive 
effect) change over time, which contributes to the rate of recharge of 
reservoir water levels. It aligns more closely with how ground defor-
mation data is represented. While the ground may uplift or subside 
daily or weekly by a certain amount, the focus is on the cumulative 
deformation over time, exerted by a continuously loading source. 
The importance of this approach is twofold. First, relying on the 
magnitude of rainfall on any single day may not be entirely perti-
nent, as its effect on pore fluid pressure and effective stress depends 
on the reservoir’s saturation state (or recharge) at that specific mo-
ment, essentially, the critical threshold for pore fluid pressure 
buildup mentioned above. Second, in a scenario of poroelastic de-
formation, where strain and changes in volume related to fluid mass 
content (ζ) are linked to stress (σ) and pore pressure (P) through the 
rock’s elastic constants (K and μ) (see equations below), the volu-
metric change (with the coefficient 1/H controlling the bulk volume 
change induced by a pore pressure change) is directly influenced by 
the fluid mass entering the system. R represents the change in fluid 
content within a porous medium due to a change in pore pressure. 
Therefore, the change in the rate of deformation is expected to close-
ly relate to the rate at which fluid mass enters the system, essentially 
the reservoir’s recharge rate

Figure 7 presents an example of this correlation. It refers to labo-
ratory experiments conducted on slightly shaley sandstones (Berea) 
where confining pressure is kept constant to simulate the burial pres-
sure at a specific depth. Fluid is introduced into the rock, simulating 

a closed system (i.e., pore pressure lines are sealed), which increases 
the pore fluid pressure causing the bulk volume of the sample to 
increase (inflation). The plot in Fig. 7 illustrates the change in bulk 
volume, determined by measuring variations in the sample’s length 
and diameter as a function of pore fluid pressure and demonstrates 
that higher fluid flow rates (increased water influx) lead to a faster 
rate of change in bulk volume (sample deformation). Key observa-
tions include (i) bulk volume increases exponentially with rising 
pore fluid pressure during up cycles, consistent with findings in (30) 
from well cores of the volcaniclastic siltite in the confined reservoir 

εij =
σij − σmδij

2G
+

σmδij

3K
−

pδij

3H
; ζ =

σm

H
−

P

R
(3)

Fig. 6. SEM images of the cemented volcaniclastic material from ultra-potassic volcanism through the hydrothermal process. Scanning electron microscopy (SEM) 
images show the presence of fibrous phases that are entangled and interspersed within the matrix and pore space, reflecting the microstructure of the caldera seal (25).

Fig. 7. Laboratory experiments showing sample bulk volume change as a function 
of pore fluid pressure. The experiments are conducted on Berea sandstone where 
the applied confining pressure (25 MPa) is kept constant to simulate burial pressure 
at a specific depth. Fluid is introduced into the rock, simulating a closed system 
where pore pressure lines are sealed. This process increases pore fluid pressure, 
leading to sample inflation under constant confining pressure. Sample bulk vol-
ume rises exponentially as pore fluid pressure increases (up cycles), consistent with 
findings reported in (30). The rate of change in bulk volume depends on the rate at 
which water is introduced into the rock, with a higher rate of water influx resulting 
in a greater rate of volume change (solid red cycles). The magnitude of the bulk 
volume change is directly influenced by the mass of fluid entering the system: The 
greater the fluid mass and the pressure, the greater the magnitude of inflation. The 
experiment also shows that sample deflation occurs when pore fluid pressure is 
released, allowing the fluid to exit the system (red open circles). Sample deforma-
tion does not fully recover, showing hysteretic behavior.
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at CFc; (ii) notably, the rate of bulk volume change depends on the 
rate of water influx into the rock, with higher water influx leading to 
a greater volume change rate (the slope of the solid red cycles). This 
experiment also demonstrates that the total change in the sample 
bulk volume is directly controlled by the cumulative volume of fluid 
entering (or forming within, in the case of reactions) the system: 
The greater the pressure, increasing cumulatively with fluid influx, 
the larger the magnitude of inflation. The experiment also shows 
that sample volume deflation occurs when pore fluid pressure is re-
leased, allowing the fluid to leave the system (red open circles). After 
being deformed, the sample is not perfectly elastic over the 24-hour 
duration of the experiment, as the strain is not fully recovered, dis-
playing hysteretic behavior.

Proposed mechanism and fluid-dynamic processes
Regarding the periodic unrest at CFc, no specific mechanisms have 
been proposed, nor their functioning has been explained in correla-
tion with the geophysical observations. The proposed mechanism 
leverages the geological structure of the caldera (Fig. 8): A funnel-
shaped structure collapsed within the Mesozoic carbonates of the 
Southern Apennine nappes (14, 16). The collapse creates a catch-
ment area with Pozzuoli acting as the ultimate drainage point. Celi-
co et al. (40) identified an elevated hydraulic head gradient north of 
Pozzuoli (Fig. 4B, contour lines closer together showing a steep hy-
draulic gradient), which provides robust evidence for fluid circula-
tion toward the lowest hydraulic point in Pozzuoli. Our analysis 
indicates a steady increase in the rate of change in rainfall over the 
past 24 years at both local rain gauges near Pozzuoli and regional 
gauges in the peri-Apennine mountains (Fig. 4A). We postulate that 
fluid accumulates over time, initially slowly, as suggested by the 
term bradyseism coined by Lyell (5), gradually filling the pore vol-
ume of the reservoir rock, controlling the magnitude of inflation. 
This process then accelerates, controlled by the rate of reservoir 
recharge, aligning with the observed rate of ground deformation 
(Fig. 2). We also show that the properties of hydrothermal water are 

crucial for the caprock’s self-healing through cementation, forming 
mineral fibers like those found in the natural CF caprock (25), thereby 
favoring ductile behavior and creeping processes.

Building on these observations, we propose a comprehensive 
mechanism in which fluid accumulation under hydrothermal con-
ditions leads to pore pressure buildup, reducing effective stress. 
Upon fracturing, the rapid (isenthalpic) upflow of fluid, driven by 
liquid flashing to steam, can dynamically alter effective stress in the 
surrounding rocks, both vertically and laterally, ultimately facilitat-
ing the downward migration of seismicity.

Given the conditions for initiating rock failure (1) two prima-
ry stress-modification mechanisms have been identified as domi-
nant triggers of earthquakes associated with reservoirs undergoing 
fluid filling (53): (i) increased pore pressure, which reduces effec-
tive normal stress; and (ii) direct changes in fault loading, where 
water-level fluctuations (e.g., reservoir depletion) decrease either 
normal stress or shear stress. In some cases, seismicity has been 
reported to occur only after multiple seasonal filling cycles have 
passed (53), suggesting a gradual diffusion of water from the res-
ervoir, leading to accumulation at hypocentral depths. While these 
mechanisms were initially proposed for anthropogenic reservoir 
impoundment, the same fundamental processes are applicable to 
natural groundwater accumulation in a sealed reservoir, regard-
less of the water’s origin.

We postulate that these stress-modification mechanisms prog-
ress at CFc through the following stages and processes:

1) Initial conditions of the system: The initial conditions of the 
proposed mechanism correspond to the stage just before the onset 
of microseismicity within the caprock seal, consistent with observa-
tions that early-stage unrest is marked by shallow seismic activity at 
depths of 1 to 2 km (Fig. 2). During this pre-failure stage (Fig. 9, 
point A), the gas/vapor-enriched reservoir is in equilibrium, with 
temperatures ranging from 300° to 350°C (fig. S1) (20, 21) and pore 
fluid pressure nearing the minimum fracture strength of the caprock 

Fig. 8. A regional view of the funnel-shaped CFc structure derived from deep seismic reflection data and transmission tomography. The section highlights the CFc 
collapse within the Mesozoic carbonates of the Southern Apennine nappes, which dip beneath the caldera. The section also highlights the top of the melt zone (17), wells 
drilled in the area (20, 21), faults defining the caldera’s boundary (14, 65), and the primary lithologies present. The structure’s geometry, together with the subsurface flow 
illustrated in Fig. 4B, outlines a catchment area where Pozzuoli acts as the ultimate drainage point, where water converges. The position of the SV wells is projected on the 
section. The section is adapted from (16) and incorporates feature depths derived from transmission tomography (14). SV, San Vito; TC, Tre Case; ka, thousand years (ago). 
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[45 MPa; (25)]. At these conditions, the water in the reservoir exists 
in a superheated liquid state (due to the PT conditions and main-
tains isothermal flow). The content of CO2 in the system (20, 21) 
leads to a two-phase, two-component (gas-liquid) state (20, 21), 
including vapor.

2) Fracture opening into the caprock and fluid upflow: As pore 
fluid pressure exceeds the minimum fracture strength of the cap-
rock at the relevant depth (25), fracturing initiates, leading to the 
flashing of fluids (Fig. 9, point B). At this point, the two-phase fluid 
undergoes a slight increase in enthalpy (Fig. 9, points B and C) as 
heat from the surrounding hotter rocks is transferred to the cooler, 
boiling fluid. Rocks conduct heat to the adjacent fluid because of 
the temperature gradient between the rocks and the fluid. When 
the fluid boils (flashes to steam), it absorbs heat from its sur-
roundings to support the phase change from liquid to vapor. This 
process requires an energy input called the latent heat of vaporiza-
tion. While the increase in enthalpy is small, it indicates that heat 
from the rocks is transferred to the relatively cooler fluid, keeping 
the phase transition energetically supported. As fractures propa-
gate (Fig. 9, point C), they (i) create pathways for rapid upward 
fluid escape, accelerating phase changes due to the pressure drop, 
and (ii) expose more surface area of the hot rocks to the fluid, en-
hancing heat transfer and maintaining the fluid’s enthalpy increase 
during the phase change.

3) Isenthalpic process and flashing to steam: The rapid upflow is 
nearly isenthalpic, with only minor decreases in enthalpy due to 
work against gravity and minimal heat loss. While the total heat 
content of the fluid remains nearly constant, its ascent is marked by 
a rapid pressure drop, leading to flash evaporation and outgassing. 
As the fracture continues to propagate (Fig. 9, points C and D), 
high-pressure fluids move swiftly toward shallower, lower-pressure 
regions. CO2 is released at pressures slightly higher than water va-
por, given its higher vaporization threshold and greater solubility at 
depth. The rapid phase transition from liquid to vapor (flashing) 
leads to substantial fluid expansion, up to 1600 times, and a surge in 
kinetic energy, driving further fracture propagation. On one hand, 
the expanding steam exerts explosive pressure on the surrounding 
rock, intensifying fracturing and releasing stored stress. On the oth-
er, the abrupt volumetric increase due to sudden pressure release 
generates a shock wave, producing a loud, low-frequency sound that 
propagates through the ground and air. Earthquakes at CFs manifest 
themselves as deep rumbles akin to an underground explosion.

4) Pressure drop and effective stress redistribution: As fluid 
flashes and the system degasses (depletion of the geothermal reser-
voir), fluid pressure drops, triggering the observed migration of seis-
micity (30, 31), both vertically and spatially. The rapid fluid upflow 
and subsequent phase change to steam relieve pressure in the shal-
lower parts of the system, such as the caprock (Fig. 9, point D). This 

Fig. 9. Temperature-entropy (T-S) diagram for water, showing constant enthalpy (green) and pressure (blue) lines. The phase envelope (black line) shows the satu-
rated liquid (left of the critical point) and saturated vapor (right of the critical point) curves, with the critical point identified. The dark purple circle (A) marks the initial 
conditions (T = 350°C, P = 40 MPa) of the gas-enriched reservoir permeated by superheated water under the caprock. Before fracturing, the system is stable. When fractur-
ing begins (B), the fluid starts flashing. As the fracture opens (C), it creates a rapid, nearly isenthalpic upflow of fluid. The ascent is accompanied by a sharp pressure drop, 
leading to evaporation (outgassing). As the fracture propagates from C to D, high-pressure fluid from the deep reservoir rushes toward shallower, lower-pressure regions. 
This drop in pore pressure increases effective stress, stabilizing the shallow fractures. Deeper parts remain under higher pore pressure if it cannot re-equilibrate through-
out the different horizons. The pressure gradient between depressurized shallow regions and pressurized deeper zones drives a downward propagation of low effective 
stress, making deeper regions more prone to fracturing. As effective stress migrates downward, seismic activity follows suit.
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reduction in pore pressure increases the effective stress (σe = Pc − Pf) 
in these shallow regions. As a result, the shallow rocks become less 
prone to further fracturing, stabilizing the upper portion of the sys-
tem. In contrast, deeper regions may remain pressurized, forming a 
pore fluid pressure gradient that cannot readily equilibrate through 
fluid diffusion across the reservoir due to the low permeability of 
volcanoclastic siltite, where volcanic material (tuffites) clogs pore 
spaces, and the adjacent volcanic rocks (24, 25, 30). Previous au-
thors (54) have reported a vapor-dominated plume characterized by 
relatively higher resistivity upwelling from a depth of 3 km through 
the caprock (25), before condensing beneath the Solfatara crater 
(lower resistivity zone).

5) Seismicity migration downward and laterally along caldera’s 
bordering faults: The pressure imbalance caused by the pore fluid 
pressure gradient between depressurized shallow zones and pres-
surized deeper regions, exacerbated by the low permeability of 
volcanic rocks, leads to reduced effective stress in deeper regions. 
Additionally, as upwelling fluid discharge and degassing occur 
through the caprock, the resulting unloading further reduces nor-
mal stress (σv) on the deeper zones. Together, these processes induce 
a dynamic redistribution of effective stress, progressively driving 
the migration of seismic activity to greater depths over time. Recent 
studies (30, 31) indicate that the deepest seismicity first begins in the 
western part of the caldera, offshore toward the Baia-Bacoli coast-
line. This area may also serve as the deepest point where water 
drains and collects as limestone dip toward the center of the bay of 
Pozzuoli (14, 16, 30). As degassing progresses and the reservoir con-
tinues to deplete, the load on the surrounding (lateral) rocks de-
creases. This reduction in pressure lowers the horizontal component 
of the normal stress along the bordering faults, which, in turn, de-
creases critical shear stress. Over time, this leads to fault slip, trig-
gering seismic activity in the abovementioned western part of the 
caldera before it later shifts to the eastern part, offshore toward the 
Bagnoli coastline (30, 31).

The results from this study, the geophysical observations during 
the unrest, and the proposed mechanism suggest that, hydraulically, 
the cemented caprock acts as a barrier (see movies S1 and S2) (25), 
preventing the upward migration of fluids such as water, steam, or 
CO2 (12, 32). Mechanically, it functions as a throttle valve (55), clos-
ing through cementation and high effective stress while opening 
through fracturing as pore fluid pressure increases lowering effec-
tive stress. Ultimately, that provides a pressure release mechanism 
(56) that let fluid escape, eventually leading to subsidence. In this 
context, hydrothermal fluids play a dual role: They serve as chemical 
agents during cementation and pressure depletion, as well as physi-
cal agents, reducing effective normal stress through rapid isenthal-
pic upflow, which leads to fracturing.

The steady temperature decrease of the main fumarole (Pisciarelli) 
since 2018 [figure 5.1 of (57)] suggests a continuous influx of colder 
water into the subsurface. Additionally, there is no recorded deep 
seismicity between the melt region at 7- to 8-km depth and 5 km. If 
melt were rising, then it would influence fumarole temperatures and 
trigger seismic activity, suggesting that it is either not ascending or 
not directly involved in the ongoing unrest. Under this scenario, the 
deep heat source (17) seems to primarily act as the burner of the 
geothermal system, supplying energy to the fuel, the fluids, that sus-
tain hydrothermal processes and thermometamorphic reactions. 
As this fuel depletes through continuous fracturing and outgas-
sing, pore fluid pressure decreases slowly leading to deflation (Fig. 7, 

open red circles) (subsidence). If magma had ascended or hot bod-
ies had intruded to explain the uplift, then it is unclear where these 
masses would go to allow a subsidence of 90 cm since 1985. Once 
emplaced, dykes and sills occupy solid mass and volume. For sub-
sidence to occur, mass must leave the porous medium, which can 
only be explained by mass exiting the system as fluids, whether va-
por or gases, or liquid water.

Implications for risk management and engineering solutions
The proposed mechanism aligns with the geophysical observations 
from the two most recent unrest episodes and historical accounts of 
the last eruption in 1538, which formed the cinder cone of Mt. Nu-
ovo (13, 58). Chronicles from the time describe how, in the hours 
preceding the eruption, inhabitants witnessed the formation of 
fractures across the bulging ground, followed by an abundant out-
pouring of cold, and then hot, fresh water. The eruption itself 
was characterized by intense groundwater involvement, producing 
vapor-charged white clouds and the downwind fallout of muddy ash 
over Pozzuoli. This description highlights the fluid-dynamic insta-
bility underlying phreatic explosions (59), such as the recent 
eruption of the San Jose Mulatos mud volcano in Colombia. This 
instability propagates through sudden fracturing, rapid fluid upflow, 
and the violent expulsion of boiling mud and ash, during which a 
catalytic hydrogenation reaction occurs. Here, carbon dioxide (CO2) 
reacts with hydrogen (H2), the latter formed at high temperatures 
through thermochemical water splitting or steam reforming, to pro-
duce methane (CH4) and water (H2O). The released methane can 
ignite and flare, further intensifying the explosivity of these events 
and adding to their abrupt and hazardous nature.

Unlike medical imaging, where the recurrence of anomalies is 
closely linked to well-defined anatomy and established physiological 
functions, subsurface environments are far more variable and dy-
namic, making them inherently less predictable. Recent activity at 
Campi Flegrei has prompted the scientific community to better un-
derstand the ongoing unrest in comparison to the 1982–1984 crisis, 
an event that led to the establishment of a continuous monitoring 
system, which has become more efficient and advanced over time 
(60). Detecting the recurrence of anomalies within the structure 
of the CFc and proposing a mechanism that reconciles cross-
disciplinary observations marks a breakthrough in understanding 
the unrest of this complex volcanic-geothermal system, one that 
functions both as a volcanic field and an active hydrodynamic sys-
tem. This has profound implications for hazard assessment and risk 
management.

Phreatic eruptions, while often short-lived, are highly unpredict-
able and can be extremely dangerous for nearby populations. These 
eruptions can occur with little warning, as they are driven by the 
instantaneous flashing of water to steam when heated by underlying 
magma. The explosive nature of these eruptions, resulting from 
steam expansion, presents highly localized but high-impact hazards, 
from shock waves from rapid steam expansion to ballistic projectiles 
and ashfall, to landslides and sinkholes, particularly in unstable hy-
drothermal zones.

Unlike large-scale magmatic eruptions, phreatic events may not 
require mass evacuations of entire regions but rather may necessi-
tate localized evacuations near active vents, crater lakes, or hydro-
thermal fields. In addition to monitoring fumarole temperatures 
(including cooling that can indicate instability) and gas composi-
tion, tracking the widespread formation of sinkholes along with 
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groundwater levels provides key indicators of changing conditions 
in the system. Given that phreatic eruptions are primarily driven by 
hydrothermal dynamics, authorities must place particular emphasis 
on monitoring groundwater levels and pressure in wells. Monitoring 
groundwater levels is critical. It offers the most direct insight into 
subsurface fluid dynamics and allows hazard management to shift 
from reactive crisis monitoring to proactive long-term forecasting, 
enabling authorities to identify impending risks well before they 
fully manifest through seismic activity.

The mechanism proposed in this study provides actionable in-
sights not only for hazard assessment but also for engineering solu-
tions that support risk reduction strategies. It emphasizes the need 
for proactive monitoring of key parameters and response teams, not 
just evacuation plans. As part of this, we propose an engineering 
solution consisting in intercepting water upstream before it drains 
toward Pozzuoli, such as managing anthropic channels regulating 
water flow and/or withdrawing water from existing wells. This solu-
tion aims to reduce the hazards in an area that has been affected by 
such phenomena for millennia, ultimately mitigating the cyclical 
financial and social burden on the affected community of Pozzuoli.

MATERIALS AND METHODS
Seismic catalog
The catalog contains ~12,681 seismic events (30) recorded between 
August 2014 and November 2024 by the 21 stations of the National 
Institute of Geophysics and Volcanology (INGV) network. Using P 
and S arrival times and magnitude estimates from the INGV earth-
quake catalog (https://terremoti.ov.ingv.it/gossip/flegrei), we found 
that event magnitudes (Md) ranged from −1.1 to 4.4, with most be-
tween 0 and 1. On average, each event had seven to eight P and two 
to three S arrival times, with the largest earthquake (Md 4.4, 20 May 
2024, at 18:10 UTC) having up to 15 P and 6 S arrival times.

The events are located using a nonlinear probabilistic location 
method [NLLoc-SSST; (61, 62)] within the one-dimensional veloc-
ity model of Vanorio et al. (15). This method offers two main advan-
tages: (i) It reconstructs the posterior probability density function, 
providing a comprehensive assessment of location uncertainties; 
and (ii) it integrates SSST corrections, greatly improving relative lo-
cation accuracy by reducing errors due to velocity model uncer-
tainties.

The final catalog from (30) consists of ~10,500 high-quality event 
locations, with root mean square errors below 0.1 s, a maximum 
azimuthal gap within 200°, and horizontal and vertical location er-
rors within 500 m for 98% of events and within 800 m for the re-
maining 2%. The final catalog events used for the tomographic 
inversion with 75,056 P-picks and 29,267 S-picks. Notably, 82% of 
events in the final catalog have more than eight total phases, 91% 
have at least two S-picks, and 60% have more than three S-picks, 
reducing cross-talk between velocity and location perturbations.

Ground deformation data
We extracted the vertical displacement from global navigation satellite 
system (GNSS) measurement from January 2000 to May 2024 taken 
at RITE (Rione Terra-Pozzuoli), station of the permanent INGV 
RING (Rete Integrata Nazionale GNSS; https://webring.gm.ingv.
it/) network. The data processing, provided by INGV Osservatorio 
Vesuviano surveillance team (63), included the removal of an an-
nual and a semiannual trend, and the removal of the background 

regional tectonic pattern, extracted by six stations of the INGV 
RING network located outside the Neapolitan volcanic area (63). 
The data from 25 INGV RING stations in Campi Flegrei area (in-
cluding four stations off-shore the Pozzuoli Bay), from 2011 to 2019, 
was interpolated to construct the vertical deformation pattern that 
we represented in Fig. 3 (right) (63).

Pluviometry and piezometric data
We accessed the precipitation data catalog for the rain gauges 
shown in fig. S2 through the Civil Protection of the Campania 
Region (39) (https://centrofunzionale.regione.campania.it/-/pages/
sensori/archivio-pluviometrici).

We extracted daily estimates from 2000 to 2023 and calculated 
the total annual precipitation. Then, we determined the year-to-year 
percentage change using the following formula

The piezometric head data were obtained from Agenzia Regio-
nale Protezione Ambientale della Campania (ARPAC)’s Monitoring 
System of Subsurface Water and supplemented by data from (41). 
This combined dataset included measurements from 530 wells, with 
a grid of 61 wells selected based on homogeneity criteria.

Cementation experiment
The cementation experiment simulates the subsurface conditions 
of the CFc, focusing on temperature, fluid type, and composition. 
The process is detailed as follows (fig. S4): A funnel-shaped filter 
(fig. S4A) is sealed on top of a hollow Teflon cylinder (fig. S4, B 
and C). Unconsolidated material simulating caprock composition 
is poured into the funnel (fig. S4E), with filter paper used to pre-
vent material loss through the holes (fig. S4D). A fine mesh steel 
filter is placed above the material to avoid spillage (fig. S4F), and 
the entire assembly is sealed with Teflon tape (fig. S4G). The setup 
is then placed in a Parr reactor (450-ml capacity; Fig. 5C) and 
maintained at 200°C for 24 hours. After natural cooling, the ce-
mented material (fig. S4H) is removed from the funnel and dried 
in an oven.

To mimic caprock formation, a trachyte-phonolite volcanic rock 
was mixed with a small amount of lime (CaO), calcined at 1100°C 
for 1.5 hours in a Thermo Scientific Lindberg Blue M furnace, and 
finely ground using a SPEX Shatterbox. During the experiment, the 
hollow Teflon cylinder was immersed in a saturated solution of CaO 
(limewater). After drying, scanning electron microscopy analysis 
was conducted on the cemented material. The samples were mounted 
on metal stubs, coated with carbon using a Leica EM ACE 600 high 
vacuum sputter coater, and analyzed with a JEOL JSM-IT500HT 
scanning electron microscope in high vacuum mode, with an ac-
celerating voltage between 10 and 15 kV and a probe current of 50 
to 56 nA. Images are saved at a resolution of 1016 dots per inch (dpi).

Rock physics experiment
Porosity of the sample was measured using a helium porosimeter 
based on Boyle’s law to determine grain and solid volume. Bulk den-
sity was calculated by measuring the sample’s mass and volume. 
These properties served as baseline reference points before subject-
ing the sample to stress.

Percentage change (Year X)

=
Annual estimate (Year X)−Annual estimate (Year X−1)

Annual estimate (Year X−1)

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita' D

i N
apoli Federico II on M

ay 03, 2025

https://terremoti.ov.ingv.it/gossip/flegrei
https://webring.gm.ingv.it/
https://webring.gm.ingv.it/
https://centrofunzionale.regione.campania.it/-/pages/sensori/archivio-pluviometrici
https://centrofunzionale.regione.campania.it/-/pages/sensori/archivio-pluviometrici


Vanorio et al., Sci. Adv. 11, eadt2067 (2025)     2 May 2025

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

12 of 13

P-wave and S-wave velocities, as well as bulk volume changes in 
response to pore fluid pressure and flow rate, were measured using a 
custom-built acoustic pressure vessel. This system includes a core 
holder, three linear potentiometers, a pulse generator (Avtech AVR-
7B-B), a switch (Hewlett Packard 4388A), and a digital oscilloscope 
(Tektronix TDS 1012B). For further details on the acoustic vessel 
system, see Stanford Acoustic System (https://srpvl.stanford.edu/
Acoustic_System/).

Although change in velocities is not the focus of the paper, real-
time videos showing changes in recorded waveforms are provided as 
part of the Supplementary Materials to show how velocity decreases 
(i.e., travel time increases) and waveform amplitude decreases as 
pore pressure increases in the porous rock.

Samples were initially dry and enclosed in rubber tubing to 
protect them from the confining pressure medium (oil). Confining 
pressure (Pc) was set at 25 MPa and maintained 0.5 MPa higher than 
the pore fluid pressure (Pf) to prevent jacket leakage. The sample 
jacket was equipped with radial clamps to prevent fluid leakage. 
Each end plate of the core holder featured a pore fluid inlet for fluid 
passage through the sample. The pore pressure lines were connected 
to a gas-driven liquid pump (2.2 HP Haskel) for fluid injection. 
A flow meter was installed upstream to measure the injection rate, 
while pressure gauges were positioned upstream and downstream 
along the pore fluid line. Three linear potentiometers measured 
strain due to stress, which was used to estimate bulk volume and 
porosity changes relative to the baseline, assuming pore closure as 
the primary strain mechanism.

Supplementary Materials
The PDF file includes:
Supplementary Text S1
Figs. S1 to S4
Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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