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A B S T R A C T   

Changes in seismicity with time and location are diagnostic signals for understanding the dynamics of volcanic 
unrest. We used these signals at the Campi Flegrei caldera, in southern Italy, to investigate how structural 
changes have determined three styles of unrest since 1982, distinguished by a ground uplift (measured at Poz-
zuoli, near the centre of the caldera) of 178 cm in 1982–84; a subsidence of 93 cm in 1985–2005; and an uplift of 
118 cm between 2005 and November 2023. Double-difference seismic locations and concentrations of seismic 
energy release have revealed impermeable horizons that correspond to the cap rock and self-sealed base of the 
geothermal system at depths of 1.5 and 3 km, respectively. Most earthquakes have been shallower than 3 km, 
consistent with the brittle upper crust being stretched over a zone of pressurization below the geothermal system. 
The 1982–84 uplift decayed after a major seismic swarm on April 1st, 1984, breached the lower impermeable 
horizon, which increased the flux of escaping gas and reduced the source pressure. Continued gas escape pro-
moted subsidence until the lower horizon had resealed itself and initiated a new episode of uplift while gas from 
depth re-accumulated beneath. Compared with 1982–84, a greater proportion of recent seismicity has occurred 
at shallower depths below the actively degassing fumaroles of Solfatara-Pisciarelli, north-east of Pozzuoli. The 
associated high seismic b-values, between 1 and 2, are consistent with high fluid pressures and, hence, with 
locations more favourable to fracturing. Continued uplift may thus persist until fracturing of the shallow crust 
allows faster rates of gas release and depressurization of the pressure source.   

1. Introduction 

Campi Flegrei is the largest active caldera in Europe (~12 km 
diameter) with a population of more than 360,000 people. From the 
suburbs of Naples, it extends westward to the Tyrrhenian Sea and is 
partially submerged below the Pozzuoli Bay (Fig 1A). Since pre-Roman 
times, the Campi Flegrei caldera (CFc) has shown a background trend of 
slow subsidence occurring at a rate of about 1–2 cm/yr, interrupted by 
episodes of faster ground uplift (Dvorak and Mastrolorenzo, 1991; Bel-
lucci et al., 2006; Di Vito et al., 2016; De Vivo et al., 2020) accompanied 
by widespread occurrences of volcano-tectonic (VT) seismicity (Corrado 
et al., 1977; Del Pezzo et al., 1987; Petrosino et al., 2008). Since 1950 
four episodes of caldera-wide ground deformation have raised the 
coastal town of Pozzuoli, located near the centre of largest uplift, by 
more than 4 m (Fig. 1B; Del Gaudio et al., 2010). The first three episodes 
interrupted the secular subsidence of the caldera with comparable 

amounts of uplift in both duration and amplitude: about 74 cm in 
1950–52, 159 cm in 1970–72, and 178 cm in 1982–84 (Fig. 1B; Del 
Gaudio et al., 2010). Scarce seismic activity was observed during the 
1970–1972 unrest. In contrast, the seismic stations of the Osservatorio 
Vesuviano (OV) recorded more than 16,000 shallow VT earthquakes 
(with maximum magnitude Md = 4.0) during the 1982–84 crisis (OV; 
Del Pezzo et al., 1987; Petrosino et al., 2008), coinciding with an uplift 
at Pozzuoli of about 178 cm between June-July 1982 and the end of 
December 1984 (Dvorak and Berrino, 1991; Del Gaudio et al., 2010; De 
Martino et al., 2021). Subsidence began shortly after and continued for 
c. 20 years, lowering Pozzuoli by 93 cm, at an average rate 2.6 times 
faster than secular subsidence. Unrest returned in 2005 with the lowest 
rate of uplift in the last century (c. 5 cm/year; Figs 1B and 1C). By April 
2022, the uplift had recovered the previous two decades of subsidence 
(INGV, 2023). Persistent seismicity returned in 2012–14, since when the 
mean rate has continued to increase (Fig. 1C) and, by February 2023, 
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more than 7000 events had been detected (INGV, 2023). 
The VT events at CFc have occurred at depths of about 3 km or less, 

within crust that hosts a high-temperature hydrothermal system (tem-
perature gradients in deep boreholes exceed 150 ◦C/km to depths of 3 
km), the base of which appears to correspond to the brittle-ductile 
transition zone (BDTZ) (Carlino, 2018; Castaldo et al., 2019). VT 
events can be triggered by several processes, including changes in the 
stress field of the host rocks, directly induced by the uplift and migration 
of magma or magmatic fluids (Suzuki, 1959; White and McCausland, 
2016); the tendency to increase fracture density in highly heterogeneous 
materials (Mogi, 1962); thermal stress, particularly in the presence of 
hot fluids causing high thermal gradients (Warren and Latham, 1970). 
At the CFc, the VT seismicity and ground movement have been driven by 
changes in the volcanic-magmatic system, rather than the regional stress 
across the caldera (Rivalta et al., 2019). Specific controls have been 
linked to spatial and temporal variations in the stress field associated 
with volcanic dynamics (Dvorak and Berrino, 1991; Macedonio et al., 
2014; D’Auria et al., 2015) or to fluid circulation within the 

hydrothermal system (Di Luccio et al., 2015; Chiodini et al., 2021; 
Petrosino and De Siena, 2021). In addition to VT events, long-period 
(LP) earthquakes are rarely recorded in the CFc, mainly due to pertur-
bations in the shallow pressure field that induce resonance in 
fluid-generated fractures (Cusano et al., 2008). 

The unrest episodes have been caused by pressure changes in fluids 
below the BDTZ at depths of c. 3–4 km (Dvorak and Berrino, 1991; 
Gottsmann et al., 2006a, 2006b; Woo and Kilburn, 2010; D’Auria et al., 
2011; Troise et al., 2019) which, in turn, may have disrupted the cir-
culation of fluids within the overlying hydrothermal system and rein-
forced the total amount of surface deformation and VT seismicity (Di 
Luccio et al., 2015; Tamburello et al., 2019; Chiodini et al., 2021; Pet-
rosino and De Siena, 2021; Lima et al., 2021; Todesco, 2021; Bonafede 
et al., 2022; Buono et al., 2022). 

The fluids available below the BDTZ are magma or magmatic gas, 
notably CO2 (Buono et al., 2022). The sources for both are a melt-rich 
zone about 7–9 km below the surface (Tamburello et al., 2019; Chio-
dini et al., 2021; Buono et al., 2022). 

Fig. 1. (A) Map of the Campi Flegrei area and geometry of the seismic monitoring networks in 1982–84 (squares managed by INGV-Naples (OV); circles managed by 
the University of Wisconsin), and after 2000 (triangles managed by INGV-Rome and upside-down triangles managed by INGV-Naples). Station STH is shown by the 
solid red triangle. The dotted gray line follows the inner edge of CFc (Natale et al., 2022). The dashed line offshore represents a segment of the inner edge of the 
caldera (Natale et al., 2022). 1 = Monte Nuovo, 2 = Astroni crater, 3 = Pozzuoli, 4 = La Starza marine terrace, S = Solfatara fumarole, P = Pisciarelli fumarole. (B) 
Vertical displacement at CFc from 1905 to December 2019 (De Martino et al., 2021). Red dots are levelling data at benchmark Bm25A, black dots are GPS mea-
surements at Station RITE. Both sites (Bm25A and RITE) are in Pozzuoli (inset) (C) The gray bars are the number of VT seismic events per day for 1982–2023 (gray 
logarithmic scale). The green dots are the cumulative number of VT events per 6 months (logarithmic scale). The cyan dots are the cumulative seismic moment M0, 
calculated with the method of Petrosino et al. (2008); secondary axes). The vertical displacement for 1982–2023 is referenced to 1905: red crosses are high-precision 
levelling measurements at benchmark Bm25A; red points are GPS measures at RITE station. (D) Map and vertical sections of the distribution of absolute (green) and 
relative (blue) seismic locations for the 1982–84 unrest. Vertical sections are cut along the two perpendicular transects AA’ and BB’ in map. (E) As for (D), but in 
2005–23. The magnitudes of completeness are 0.5 for 1982–84 and 0.2 for 2005–23. 
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The gas is dominated by CO2 (Caliro et al., 2007; 2014; Chiodini 
et al., 2021) which, during the first half of 2023, had an average flux of c. 
4000 tonnes/day from the Solfatara-Pisciarelli fumaroles, c. 2–2.5 km 
NE of Pozzuoli harbour (INGV, 2023). Although 20–40 % may be 
non-magmatic (caused by decarbonation of hydrothermal calcite; 
Buono et al. (2023)), the magmatic component remains comparable to 
fluxes at active volcanoes with sustained outgassing (INGV, 2023). 

The evolving behaviour during successive episodes of unrest (with 
variations in ground deformation, seismicity rate and geochemical pa-
rameters) is consistent with a single, long-term sequence of crustal 
extension (Kilburn et al., 2017; 2023). The dominant fluid being pres-
surized beneath the BDTZ may also have changed between episodes 
from magma during the short, rapid uplifts before 1984 to magmatic gas 
during the slow, long uplift since 2004 (Kilburn et al., 2023). Here, we 
compare the patterns of VT seismicity during the current (since 2005) 
and previous (1982–84) episodes of unrest to identify new constraints 
on structural changes in the crust and the evolution of the ongoing un-
rest. Our results show that the caldera’s behaviour since 1982 is 
consistent with a single, long-term response to pressurization in 
1982–84 breaching impermeable horizons beneath the geothermal 
system and disrupting the flow of magmatic gas through the upper crust. 
They also suggest that continued unrest will favour more extensive 
fracturing and gas release, with outcomes ranging from a deceleration in 
ground movement to phreatic explosions and, in the extreme, to 

conditions suitable for renewed magma ascent from depth. 

2. Data and methods 

To examine the seismic characteristics of CFc’s unrest, we first 
derived the relative locations, rates of energy release and magnitude- 
frequency relations for earthquakes since 1982. 

2.1. Double-difference earthquake location 

The 1982–84 unrest was monitored by a local network of vertical- 
component, short-period, analog seismic stations (Fig. 1A), with esti-
mated magnitude of completeness Mc = 0.5 (Scarpa et al., 2022). It was 
supplemented between August 1983 and May 1984 by a temporary 
three-component, short-period, digital network from the University of 
Wisconsin (Aster and Meyer, 1988). Since the early 2000s, the network 
has been significantly modernised and its performance has improved 
(Bianco et al., 2022). At the time of writing, the seismic network consists 
of 26 broad-band 3-component digital stations, with real-time data 
transmission (Fig. 1A). The completeness magnitude for the network is 
0.2 (Tramelli et al., 2021). 

Seismicity was almost absent during the subsidence between 1985 
and 2005; it occurred only in a very restricted area around Solfatara, in 
the form of short-lived swarms (one or a few days) spaced months or 

Fig. 2. (A) Relative seismic locations for the 1982–84 time-window, in map (Panel 1) and vertical profile AB over time (Panels 2–5). Profile AB is oriented 110◦N and 
6 km long. The projected volume is 0.5 km wide. Circle size is proportional to magnitude (legend), colours change as a function of time (note the 1st Apr 1984 swarm 
in dark red); green circles; indicate events with M ≥ 3. The topographic elevation (in m) along the profile AB is plotted above the Panel 2 (elevations from Google 
Earth Pro). Pozzuoli, Astroni, Solfatara and Pisciarelli are marked in cyan. The catalog has been truncated for a completeness magnitude Mc = 0.5. (B) Map and 
vertical section for a perpendicular 20◦N-oriented profile. Colours as for (A). 
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years apart. (Fig. 1C; Orsi et al., 1999; D’Auria et al., 2011; Global 
Volcanism Program, 1989). For this reason we neglected the 1984–2004 
interval, and focused instead on the seismicity of the unrest 1982–84 
and 2005–23. Time series for the daily number of earthquakes show that 
swarm activity superimposed on more continuous seismic activity dur-
ing both intervals (Fig. 1C; Supplementary Materials). 

For the two time intervals 1982–84 and 2005–23, we analysed the 
differential P and S arrival times for pairs of events extracted from the 
manually revised INGV-Naples database to perform a relative double- 
difference location with the HypoDD algorithm (Waldhauser, 2001). 
Arrival times at stations operating in both periods were included. We 
examined the two seismic datasets separately to account for disparities 
in the monitoring system, while maintaining the same inversion scheme. 
We first performed the absolute location for all events with the Hypo-
inverse algorithm (Klein, 2002) using station delay time when known, 
distance weighting for P and S arrival times, and an ad-hoc calibrated 1D 
reference seismic velocity model (Table 1S Supplementary Materials). 
Based on the differential travel times of the event pairs, the 
pre-processing of the double-difference inversion selected 8142 and 
5037 linked events, respectively for the years 1982–84 and 2005–23 
(Fig. 1D and Fig. 1E, green dots). The inversion procedure required: 
three sets of iterations; the use of the Least SQuaRe (LSQR) algorithm 
which is suitable for large datasets; at least 8 observations per pair of 

events; weighted P and S arrival times; a maximum distance of 2 km 
between linked events; and a damping parameter equal to 200. 

2.2. Seismic energy release 

We estimated the cumulative square root of the seismic energy 
release as a proxy for co-seismic strain release (Benioff, 1951). We used 
the duration magnitude Md, which is the measure of earthquake 
magnitude that INGV in Naples routinely estimates and officially com-
municates to the National Civil Protection in the INGV Seismic Bulletins 
(INGV, 2023). This measure is preferred to account for the large per-
centage of micro-seismicity (Md < 1) and to maintain homogeneity with 
catalogues from 1982 onward. It is manually calculated from the 
waveform coda at a short-period seismic station (STH, in Fig. 1A). We 
derived the moment magnitude (Mw) from catalogues of Md for the two 
periods of unrest (Ricciolino and Lo Bascio, 2021; Tramelli, 2022), by 
applying the empirical magnitude-duration relation of Orsi et al. (1999) 
and calibration laws for magnitude scales from Petrosino et al. (2008). 
To estimate the cumulative seismic energy distribution Es, we divided 
the seismogenic volume into a regular grid with nodes 0.2 km apart and 
applied the energy-magnitude relationship of Kanamori (1977): logEs =

11.8 + 1.5MW. 

Fig. 3. (A) Relative locations for the 1982–84 earthquakes in map (Panel 1) and vertical profile AB (Panels 2–5). Profile AB is NS-oriented, 6 km long, and centred on 
Solfatara. The projected volume is 0.5 km wide. Circle size is proportional to magnitude (legend), colours change as a function of time (note the 1st Apr 1984 swarm 
in dark red); green circles indicate events with M ≥ 3. The topographic elevation (in m) along the profile AB is plotted above the Panel 2 (elevations from Google 
Earth Pro). Pozzuoli, Astroni, Solfatara and Pisciarelli are marked in cyan. The catalog has been truncated for a completeness magnitude Mc = 0.5. (B) Map and 
vertical section for a perpendicular EW-oriented profile. Colours as for (A). 
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2.3. Gutenberg-Richter b-value and stress patterns 

We calculated the seismic b-value (Gutenberg and Richter, 1955) to 
investigate variations in the size distribution of earthquakes and its 
relation to changes in local stress. For the size distribution, we used the 
relative earthquake locations on a regular grid with 0.05 km spacing. 
Each estimate was based on at least 150 events, of which at least 50 with 
duration magnitudes above the completeness value Mc within 0.5 km 
from each grid node; Mc was obtained by the maximum curvature 
technique (Wiemer and Wyss, 2000). To investigate changes in local 
stress after seismic swarms, we calculated changes in b-value for VT 
events in a cylindrical volume centered on Solfatara and, with a radius of 
0.7 km, large enough to include a representative proportion of swarms 
(Supplementary Materials, Table S2). 

3. Results 

3.1. Relative locations of earthquakes 

As shown in Fig. 1D and 1E, the HypoDD inversion returned the 
relative location for 3062 events in 1982–84 (time residuals of 0.05–0.4 
s with a median of 0.9 s) and of 3355 events in 2005–23 (time residuals 
of 0.01–0.09 s with a median of 0.04 s). The median spatial errors for the 
three components are in the range 77–100 m for 1982–84 and 31–40 m 
for 2005–23. 

3.2. Evolution of seismicity patterns over time 

3.2.1. 1982–1984 
Figs. 2 and 3 show the time evolution of the 1982–84 seismicity 

projected over two sets of orthogonal vertical sections with principal 
directions NW-SE along the caldera’s coastline and N-S across Solfatara. 
Only sporadic and weak seismicity occurred until the first half of 1983, 
after which the event rate accelerated significantly (Fig. 2A). The 
coastline section shows two broad clusters of events: one about 2 km 
wide at depths of 1.5–3 km below Pozzuoli (Fig. 2A), and another with 
an oblique, upward alignment between 3 and 0.5 km below Solfatara 
(Fig. 2A and 3A). Fewer events occurred offshore. In the southwestern 
part of the Bay of Pozzuoli, they showed a NW-SE alignment (Figs 2B) 
along a recognized fault structure (Di Luccio et al., 2015; Natale et al., 
2022). The sub-horizontal cluster at depths of 1.0–1.5 km between 
Solfatara and Pozzuoli (Fig. 3A) represents the upper limit for seismicity 
west of Solfatara throughout the entire unrest. In the NS direction the 
seismicity did not extend more than 1 km from Solfatara, apart from a 
small cluster 1.5 km deep on the edge of the Astroni crater and about 2 
km north of Solfatara (Fig. 3). 

On April 1st, 1984, a swarm of over 500 events (Barberi et al., 1984) 
occurred beneath Pozzuoli (Figs. 2A and Fig. 3B, dark red circles) at 
depths between 1 and 3 km; the two largest events with Md = 3.0 
occurred at 04:27AM UTC and 04:43AM UTC (Tramelli et al., 2021). 

For this swarm, we analysed data from 368 events in the 0.2 ≤ Md ≤

3.0 magnitude range and obtained 217 relative HypoDD locations with a 
minimum Md of 0.4 (Fig. 4). The epicentres closely followed the marine 
terrace of La Starza (Fig. 4A), while the hypocenters occurred along a 

Fig. 4. (A) The relative locations for the 1st April 1984 swarm (red circles) superimposed on the background seismicity for the entire period 1982–84 (teal circles). 
The size of circles is proportional to the magnitude (legend in B). The green circles show the two Md = 3 earthquakes. AB is the 6-km long profile, 10◦N-oriented, used 
for the vertical section, and the box indicates the perimeter of the projected volume (1.5 km wide). (B) Vertical section along the profile AB (symbols as in (A)). The 
topographic elevation (in m, from Google Earth Pro) along the profile AB is plotted above the vertical section. (C) 3D representation of the swarm: absolute and 
relative locations are projected onto horizontal and vertical sections. The colour code changes with magnitude following the scale. The coast line is in black on the 
bottom plan. (D) Black points represent the daily measure of the ground displacement acquired by the tide gauge of Pozzuoli between 1982 and 1984 (primary axis; 
Berrino, 1994). The blue dash-dotted line is the smoothed rate of uplift in cm per day (secondary axis). 
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well-defined oblique alignment between depths of 1 and 3 km. Larger 
events tended to occur at greater depths and all those with Md ≥ 2 were 
deeper than 2 km (Fig. 4C). The distributions together indicate the 
activation of a c. 2 × 2 km2 structure dipping at high-angle towards the 
SW (Fig. 4B and 4C). The swarm marked a change in ground movement 
and the pattern of seismicity. First, the rate of ground uplift began a 
long-term decay from its peak value of c. 0.2 cm/day until the end of 
unrest (Fig. 4D). Second, although 1.5 km away from the swarm itself 
(Fig. 3B), Solfatara became a focus for large-magnitude events: before 
the swarm, only two events with magnitudes Md ≥ 3 had occurred in its 
vicinity, on 24 November (Md = 3.5) and 30 December 1983 (Md = 3.8; 
Fig. 3A, green circle); after the swarm, in contrast, locations beneath 
Solfatara produced most of the high-magnitude events until the end of 
unrest (more than 30 with Md ≥ 3; Fig. 3). 

3.2.2. 2005–2023 
The 1984 crisis was followed by twenty years of occasional seis-

micity while the ground subsided by c. 0.9 m (Fig. 1C). Weak seismicity 
resumed c. 1 km NE of Solfatara when uplift began again in 2004–2005. 

By February 2023, three spatially distinct clusters could be recognised 
from the WSW-ENE profile in Fig. 5A: 

(i) An oblique alignment deepening from about 2 km beneath Sol-
fatara to c. 3 km about 1.5 km to the northeast. 

(ii) A sub-horizontal cluster at depths of 1.0–1.5 km in the hydro-
thermal system between Solfatara and Pozzuoli. It extends 
laterally for less than 1.5 km and, with the exception of a very 
shallow oblique alignment extending towards the coast line, 
marks the upper limit for seismicity west of Solfatara (Fig. 5A). 
The extent of this cluster confirms the presence of a fracture- 
resistant cap rock overtopping the seismogenic volume W of 
Solfatara, previously identified by Vanorio and Kanitpanyachar-
oen (2015) and imaged by velocity and attenuation tomography 
(Calò and Tramelli, 2018; De Siena et al., 2017)  

(iii) Since 2018, a shallow cluster (at depths of less than 1 km) appears 
to have been developing beneath Solfatara in the direction of 
Pisciarelli to the northeast. 

Fig. 5. (A) Relative locations of earthquakes with time for the 2005–23 in map (Panel 1) and vertical section AB (Panels 2–5). Profile AB is 60◦N-oriented, 6 km long, 
and centred on Solfatara. The projected volume is 0.5 km wide. The size of circles is proportional to magnitude (legend). Colours change as a function of time (code 
on right). The green circles indicate events with M ≥ 3 during the 1982–84 unrest. The topographic elevation (in m) along the profile AB is plotted above Panel 2 
(elevations from Google Earth Pro). Pozzuoli, Solfatara and Pisciarelli are marked in cyan. The catalog has been truncated for a completeness magnitude Mc = 0.2. (B) 
Map and vertical section for a perpendicular 150◦N-oriented profile, centred at Solfatara. Colours are the same code as in (A). 
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The perpendicular profile (Fig. 5B) highlights the migration of events 
shallower than 1.5 km towards the southeast, and the lack of significant 
seismicity more than 1 km from Solfatara and deeper than 1–1.5 km. 

3.3. Comparative distributions of earthquakes in 1982–84 and 2005–23 

Low seismicity has occurred west of Solfatara in 2005–2023. At 
depths of 1.5–3.0 km between Pozzuoli and Solfatara, only isolated and 
low-energy events have occurred since 2005, in contrast to the pro-
nounced seismicity in 1982–84 that included duration magnitudes 
greater than 3. The difference has been accentuated by the cluster of 
events developing at depths of 2–3 km beneath Solfatara since 2005. 
This cluster appears to be slightly shifted to the NE compared with 
1982–84. Another new feature is the cluster of shallow earthquakes 
extending from depths of 0.5–1 km toward Pisciarelli; seismicity in this 
volume was barely evident in 1982–84 (Figs 6A and 6B). 

For both periods, low-magnitude seismicity has been distributed 
between Pozzuoli and Solfatara, at a depth of 1–1.5 km (B-C-D-E), with 
the density of events increasing towards Solfatara. 

In 1982–84 a major offshore structure was active 2–3 km from the 
coast, oriented NW-SE and about 3 km long. The orientation of the fault 
structure changes with depth. Thus its mean dip is c. 70◦ SW (Fig. 6A, 
Profiles A-C) between 2 and 4 km below the surface, but sub-vertical 
(possibly dipping steeply to the NE) at shallower levels (Fig. 6A, 

Profiles D-F). The angles are consistent with previous estimates based on 
a smaller number of events (Orsi et al., 1999). All the events with Md ≥ 3 
occurred along the deeper segment (Figs 2B & 6A). After 2005, the 
segment between 2 and 3.5 km depth of the same structure was acti-
vated, with a significant event (Md = 3, reverse mechanism from INGV 
Bulletin data; INGV, 2023) on 2023/02/05. 

3.4. Energy release 

The total Benioff strain released during the 1982–84 unrest is more 
than one order of magnitude larger than that released during 2005–23 
(Fig. 7). For 1982–84, horizontal (Fig. 4Sb) and vertical sections (Fig. 7) 
indicate that most of the strain energy was concentrated along a hori-
zontal belt that extended across the caldera, at a depth between 2 and 3 
km. Peak values within this horizon were located beneath Solfatara. A 
smaller concentration can also be seen at depths of c. 1.5 km and below 
Solfatara (Fig. 7). At depths greater than 3 km, strain tends to have 
accumulated beneath the outer margins of ground uplift (Fig. 4Sb). 

For 2005–23 the strain has instead been focused in small volumes 
corresponding to the three main clusters of earthquake locations (Sec-
tion 3.2.2): along the 1–1.5 km horizon between Solfatara and Pozzuoli; 
about 0.5–1.0 km below Solfatara-Pisciarelli; and in a volume 1 km NE 
of Solfatara at depths of 2.5–3 km. 

Fig. 6. Relative locations of VT events for 1982–84 (red circles) and 2005–23 (blue circles). Events of magnitude M ≥ 3 are shown by thick, dark circles. (A) Map of 
relative locations along six 8 km long profiles oriented at 40◦N that cross CFc from SW to NE. Panels A-F show each vertical section. The projected volumes extend 
0.25 km on each side of each profile. (B) Map and vertical section for the EW profile. The projected volume extends 0.5 km on each side of the profile. Colours as 
in (A). 
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3.5. Gutenberg-Richter b-value 

The magnitude-frequency distribution of earthquakes in 1982–84 
has a seismic b-value of 0.89 ± 0.02 (Fig. 8). Maximum values occurred 
among earthquakes below Solfatara (depths <1 km) and the position of 
maximum uplift near Pozzuoli (depth of c. 1–1.5 km and c. 2–3 km). In 
2005–23, the b-value was 0.92 ± 0.02, with peak values up to 2 ± 0.03, 
again below Solfatara (depths <0.5 km) and close to the centre of uplift 
(depths c. 1.0–1.6 km); a small concentration is also apparent about 1.5 
km west of Solfatara at a depth of c. 1 km (Fig. 8). Peak values of the b- 
value for the current unrest are generally higher than for the 1982–84 
unrest. 

Since 2020, the b-value has been increasing by about 70–80% 
beneath Solfatara and Pisciarelli to a depth of 2.5 km, as well as in the 
1.5 km horizon west of Solfatara (Fig. 9). Increases in b-value beneath 
Solfatara are roughly related to the occurrence of swarms (Fig. 7S). 

4. Discussion 

4.1. Major patterns of seismicity 

Seismicity in 1982–84 and 2005–23 has been dominated by move-
ments across related sets of faults. In 1982–84, almost all earthquakes 
occurred at depths of less than 3.5–4 km and had epicentres distributed 
close to the coastline, starting east of Solfatara and crossing the hydro-
thermal system to the west (Fig. 6). For both periods, most of the largest 
events have been located at depths of 2–3 km, near the base of a NE- 
dipping structure that defines the eastern boundary of the seismic 
zone (Fig. 6). A secondary concentration of epicentres occurs along a 
NW-SE alignment 2.5 km to the southwest, beneath the Bay of Pozzuoli 
(Fig. 6). 

The limiting depth of c. 3 km for seismicity and strain energy release 
lies close to the depths of the Brittle-Ductile Transition Zone (Carlino, 
2018; Castaldo et al., 2019) and to the locations of pressure sources 
inferred from patterns of ground deformation (Dvorak and Berrino, 

1991; Gottsmann et al., 2006a, 2006b; Woo and Kilburn, 2010; D’Auria 
et al., 2011; Troise et al., 2019). Apart from the shallow seismicity below 
Solfatara, few earthquakes have occurred at depths less than 1 km 
(Fig. 6). This depth approximately coincides with the base of a 
fracture-resistant cap rock proposed by Vanorio and Kanitpanyacharoen 
(2015). Such a horizon would promote fluid accumulation in the un-
derlying rock and the onset of fluid-induced fracturing (Akande et al., 
2021). 

The seismogenic zone of the CFc thus appears to be bounded (1) by 
two levels where the crust’s mechanical properties change significantly 
(a strong, shallow cap rock and a deeper transition from a brittle to 
ductile rheology), and (2) by well-established fault systems around its 
lateral margins. Despite these common features and the similarity in the 
quasi-radial symmetric pattern of ground deformation (Berrino et al., 
1994; De Martino et al., 2021), suggesting a similar source location and 
overpressure value, the uplift rate (Fig. 1C), the spatial distribution of 
seismicity (Fig. 6), and the seismic energy release (Fig. 7) show signif-
icant differences for the two periods 1982–84 and 2005–23. In partic-
ular, for the current unrest, the uplift rate is about 8 times lower than in 
1982–84, earthquakes below the point of maximum uplift are substan-
tially absent, while the seismically released energy is one order of 
magnitude lower than in 1982–84 and mainly located in narrow vol-
umes below Solfatara-Pisciarelli area. 

4.2. Structural changes in the crust since 1982–84 

The base of the seismogenic zone corresponds with the BDTZ infer-
red from the temperatures and compositions of rocks from deep bore-
hole (e.g. Carlino, 2018 and references therein). Adapting the model of 
Fournier (1999), we interpret this layer to be a self-sealing horizon that 
separates deeper crust that can achieve lithostatic pore pressure from 
overlying crust at hydrostatic pore pressure. Lithostatic pore pressures 
below the BDTZ are favoured by CO2 from depth maintaining a 
gas-saturated crust. We suggest that the sealed horizon was extended to 
breaking point during the 1982–84 crisis, caused by the intrusion of 

Fig. 7. Map and vertical sections of the Benioff strain for 1982–84 (red points) and 2005–2023 (blue points). The black lines on the map are 6 km long profiles 
centred on Solfatara and radially spaced at 30◦ The vertical sections give the square root of the seismic energy released in a 0.5 km wide volume projected onto each 
profile. Grey and green crosses in the EW oriented vertical section mark the D90 cutoff depth for the two distributions of seismicity 1982–84 and 2005–23, 
respectively. Pozzuoli, Solfatara and Pisciarelli are marked in yellow. 
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magma and its release of additional magmatic gas below the BDTZ. 
Before the seismic swarm of April 1st, 1984, by which time Pozzuoli had 
been raised by about 150 cm (Fig. 4D), the rate of uplift had been 
increasing (Fig. 4D) and most of the seismicity had occurred in a volume 
of c. 4–5 km3 of the crust above the BDTZ (Figs 7 and 4Sa). After the 
swarm, the rate of uplift began to decline (Fig. 4D), the number of 
earthquakes with magnitude Md ≥ 3 increased towards Solfatara (Figs. 2 
and 3) and the proportion of CO2 increased in the gases escaping from 
Solfatara (Chiodini et al., 2012). All three changes are consistent with 
the swarm breaching the BDTZ, allowing magmatic fluids and pressur-
ised gases to escape into the overlying crust (Fig. 3S). 

Magmatic gas that had accumulated in the pressure source escaped 
towards Solfatara, increasing the rate of CO2 emission and, by reducing 
the source pressure, initiated the decline in the rate of uplift (Fig. 4). The 
increase in the number of Md ≥ 3 earthquakes would have also been 
favoured by a combination of perturbations in the shallow stress field at 
the time of the swarm and an increase in pore pressure from the gases 
migrating towards Solfatara. Depressurization due to a net loss in gas 
also explains the subsidence at the CFc between 1984 and 2004 
(Todesco, 2021; Kilburn et al., 2023). 

The seismically active segment above the BDTZ in 1982–84 has not 
shown the same diffuse seismicity during the uplift since 2005, sug-
gesting that some of the previous breaches were successfully resealed 
during the preceding subsidence. Resealing would also favour a return to 
slow uplift, when gases from magma 7–9 km underground were able to 
replenish the shallow source (Kilburn et al., 2023). Fig. 7 shows the 
thickness of the seismogenic crust using the depth of the 90 % cut-off 
(D90) as a practical measure of the BDTZ (Supplementary Material). 
The shapes of the D90 levels in 1982–84 and 2005–23 are remarkably 

similar and both become thicker away from the central area of the 
caldera between Pozzuoli and Solfatara (Fig. 7). However, the present 
depth of 2.2 ± 0.1 km for the D90 boundary beneath Solfatara is less 
than its 2.6 ± 0.1 km in 1982–84. The difference may reflect local 
heating, and potential weakening, of the crust as a result of an increased 
supply of steam and magmatic gas (Chiodini et al., 2021), although, this 
remains a qualitative interpretation. In contrast, the D90 boundary 
beneath Pozzuoli appears deeper today than it was in 1982–84. This 
suggests that it has not been similarly heated by gas flow, which is 
consistent with the BDTZ beneath Pozzuoli having become a sealed 
horizon. 

4.3. Focussed gas escape through Solfatara-Pisciarelli 

Resealing of the BDTZ across the central part of the caldera has 
focussed degassing beneath Solfatara. The concentration of low- 
magnitude seismicity below the eastern end of the cap rock (Figs 5 
and 6) suggests that the accumulation of magmatic gas unable to escape 
through Solfatara has been a major control on the amount of local 
fracturing below Solfatara-Pisciarelli fumaroles. Seismicity at the Sol-
fatara end of the cap rock has also been characterised by b-values of 
between 1.4 and 2.0, more than twice the background values of 0.8–0.9, 
both before breaching in 1982–84 and after resealing by 2005 (Fig. 8). 
High b-values, greater than those observed for purely tectonic event 
frequency-magnitude distributions (Mogi, 1962; Warren and Latham, 
1970), are promoted by local increases in pore pressure. Independent 
evidence for high local pore pressures is provided by seismic tomogra-
phy, which has recorded anomalously high values for seismic P-wave 
velocity, as well as high values for the ratio of P- to S- wave velocities 

Fig. 8. Maps of earthquake relative locations (green circles) of earthquakes for 1982–84 (A) and 2005–2023 (B); red circles are events with Md ≥ 3. In both cases, XX’ 
is the EW-oriented profile used for the vertical sections. The vertical sections represent the distribution of the Gutenberg-Richter b-value calculated in a volume 2 km 
wide around XX’, the corresponding standard deviation σb, the magnitude of completeness Mc and the distribution of seismic locations projected on the vertical 
section. The topographic elevation along the profile XX’ is obtained from Google Earth Pro. Pozzuoli, Solfatara and Pisciarelli are marked in yellow. 
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below Solfatara (Fig. 5S; Calò and Tramelli, 2018). The b-value below 
Solfatara-Pisciarelli has been gradually increasing since 2021 by about 
70–80% (Fig. 9). By extension of our arguments for Solfatara, we attri-
bute the increase to the accumulation of magmatic gas beneath the 
whole of the deforming crust. Analogy with b-value data from 
compressional failure (Scholz, 2015) may also indicate a decrease in the 
applied differential stress. 

4.4. Future scenarios 

In addition to the increasing rates of low-magnitude seismicity, 14 
earthquakes with magnitudes Md of 3 or more have occurred since 2019 
- all at depths between 2 and 3.5 km and with epicentres about 2.0–2.5 
km away from the centre of uplift (beyond Solfatara and Pisciarelli to the 
NE and along an offshore fault to the SW; Fig. 6). They are the first 
earthquakes of such magnitude to have been recorded during the post- 
2005 uplift. Their late onset (compared to the beginning of unrest) 

and hypocentral positions suggest that the slip along larger faults has 
been caused by the bending of the crust exceeding a critical amount. One 
exception to the distribution is the magnitude 3.6 earthquake that 
occurred on 11 June 2023 along the western edge of La Starza at a depth 
of 2.7 km. The location lies at the western edge of the 1982–84 seis-
mogenic zone and close to the BDTZ. 

The pressure source driving unrest at CFc lies beneath the 
geothermal system. Its location suggests that the BDTZ is strong, as well 
as impermeable, and acts as a natural barrier to the ascent of fluids, 
whether magma or magmatic gas. Rupture and resealing of the BDTZ 
have thus modulated ground movement and seismicity by controlling 
the flow of magmatic fluids from below the geothermal system (Fig. 10). 
Uplift since 2005 has again extended the crust, bringing the BDTZ closer 
to conditions favourable to renewed rupture and enhanced surface 
degassing (Kilburn et al., 2023). Potential outcomes depend on where 
rupture occurs and how abruptly it changes the flow of gas. Assuming a 
pattern of rupture similar to that in 1984, scenarios range from a slowing 

Fig. 9. Variation of the b-value during 2005–2020 and 2021–2023. (A) Map of earthquake relative locations (green and blue circles, code colour in legend) for the 
years 2005–2023. XX’ is a EW-oriented profile used for the definition of vertical sections. (B) The vertical sections represent the distribution of the Gutenberg-Richter 
b-value for 2005–2020 (b1) calculated in a volume 2 km wide around XX’ and the corresponding standard deviation σb1. The topographic elevation along the profile 
XX’ is obtained from Google Earth Pro. (C) As for B for 2021–2023 (b2). (D) The difference Δb = b2-b1 and corresponding standard deviation σΔb. The distribution of 
seismicity in 2005–2023 (blue points) is superimposed on Δb. Pozzuoli, Solfatara and Pisciarelli are marked in yellow. 
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of uplift, either to rest or to a renewed subsidence, to a geothermal ex-
plosion of gas and vaporised groundwater in the vicinity of 
Solfatara-Pisciarelli. However, the emergence of seismicity near the 
BDTZ away from Solfatara (Fig. 8) raises the possibility of enhanced gas 
release from parts of the caldera not affected by such surface activity 
during recent episodes of unrest. 

An implicit assumption in these scenarios is that conditions have not 
changed significantly for releasing gas from the parent magmatic system 
7–9 km below the surface. In this case, changes in gas flux can be related 
to changes in fluid pressure between the deep source (assumed constant) 
and the BDTZ (which changes with the rate of gas escape to the surface; 
Kilburn et al., 2023). An alternative to be tested is that new magma 
arriving from depths greater than 9 km has pressurized the parent sys-
tem, increasing its rate of gas release and so favouring both a faster rate 
of accumulation at the level of the BDTZ and continued surface uplift. In 
this case, the change in gas flux may reflect the approach to conditions 
suitable for renewed magma ascent and either a shallow intrusion and 
episode of rapid uplift, as in 1982–84 or, if the magma reaches the new 
rupture, a magmatic eruption. 

5. Conclusions 

Since 1982, seismicity and strain energy release at Campi Flegrei 
have been concentrated between two low-permeability horizons at 
depths of about 1.5 and 3 km, respectively. The horizons are natural 
controls on the circulation of fluids within the volcano’s geothermal 
system. The deeper horizon coincides with a Brittle-Ductile Transition 
Zone (BDTZ) along the base of the system: above the base, pore pressures 
are hydrostatic and the crust behaves in an elastic-brittle manner; below 
the base, pore pressures can reach lithostatic values and deformation is 
mostly aseismic. The shallower low-permeability horizon marks a cap 
rock that separates the circulation of near-surface fluids from the flow of 
fluids within the deeper levels of the geothermal system. 

Ground movements have been controlled by pressure changes below 

the BDTZ. Uplift occurs when new fluids enter the crust that is already 
rich in CO2. The new fluids may be magma, gas released from that 
magma, or an increased discharge of gas from depth. They stretch the 
overlying crust until the BDTZ is ruptured. In 1982–84, the rapid uplift 
starting in June-July 1982 began to decay after the seismic swarm of 
April 1st, 1984. Nine months later, ground uplift had halted, to be fol-
lowed by slow subsidence until 2004–05 and then the slow uplift that is 
still continuing (November 2023). 

The sequence is consistent with rapid uplift during the intrusion of 
magma and release of its gas. The seismic swarm in April 1984 ruptured 
the BDTZ and allowed gas to escape. The rate of degassing increased 
from Solfatara-Pisciarelli and reduced pressure in the source region. 
Continued gas escape promoted subsidence until the BDTZ had resealed 
itself sufficiently to again trap gas arriving from depth and to initiate 
slow uplift at a rate comparable to (but in the opposite direction of) that 
during the preceding uplift (Fig. 10). Resealing has also focused gas flow 
towards Solfatara-Pisciarelli, raising local pore pressures and thermal 
gradient and favouring the concentration of seismicity in the adjacent 
eastern section of the Starza fault (Figs. 7 and 8). 

Should the ongoing uplift continue (November 2023), a new episode 
of rupturing can be expected across the BDTZ. Potential outcomes range 
from a reversal of ground movement, in the least dangerous scenario, to 
geothermal explosions or possibly even a magmatic eruption, in the 
most catastrophic scenario, if new magma were to reach the uppermost 
layers of the crust. Our results thus provide a foundation for integrating 
additional geophysical and geochemical monitoring data, as well as 
surface observations, to identify the likelihood of each scenario and 
when it might occur. 
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state of fracturing across the BDTZ as suggested by seismicity. 
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