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Magma chamber failure and dyke injection
threshold formagma-driven unrest at Campi
Flegrei caldera

Jacopo Natale 1 & Stefano Vitale2

In this work, we reconstruct the geometry and magma properties of the dyke
that fed the Nisida eruption (~3.9 ka), located across the rim of the Campi
Flegrei caldera (Italy). Results indicate that the magmatic overpressure was
~35MPa, the dyke depth of origin was at ~5-6 km, consistent with petrologic
studies, and the volume of the active magma chamber was 85-150 km3 with an
upper bound of excess pressure rupture threshold of ~9MPa. We show that a
range between 4-9MPa is common among the moderate-sized volcanic
eruptions vented along caldera structures, suggesting a shared magma
reservoir. Considering the volume change required to reach the rupture
threshold, we simulate the ground deformation pattern triggered by such
magma recharge, which produces a different and thus distinguishable geo-
detic signal compared to the currently observed one. This workmay serve as a
reference for identifying the transition from magma-driven unrest to volcan-
ism at Campi Flegrei.

Felsic calderas often exhibit cryptic unrest behavior, occasionally
leading to monogenetic eruptions1. Among the most challenging
problems of modern volcanology is to provide constraints on magma
recharge and eruption triggering processes at restless caldera systems.
The presence of deep-rooted caldera structures and, more broadly,
volcano-tectonic structures significantly influences the location of
eruptions2. The most relevant task for monitoring centers and
decision-makers is to anticipate the precursory signals indicating the
formation and propagation of magmatic dykes toward the surface. An
improved understanding of these processes may offer crucial and
timely aid for volcano monitoring and eruption forecasting. Seismol-
ogy and geodesy are among the most powerful tools for identifying
critical phases prior to/during magma injection3.

For the initiation of a dyke, the magmatic excess pressure
(exceeding the lithostatic pressure) roughly equals the rock tensile
strength4. The escalation towards this point by intermediate steps of
magma recharge can be identified by geodetic signals, such as source
pressurization linked to volume change5. Once initiated, the propa-
gation of the dyke is driven by the magmatic overpressure6. In this
regard, Geshi et al.7 demonstrated that the dyke aspect ratio is

positively correlated to the overpressure, in turn related to the dis-
charge rate of magma containing pressurized vesicles through the
conduit. Hence, the explosivity of an eruption is mutually linked to the
magmatic overpressure for a given volcano, which produces defor-
mation in the surrounding host rock during its movement. Since the
dyke aspect ratio can be inferred from geodetic data inversion, it fol-
lows that it can be evaluated based on real-timemonitoring of ground
deformation and seismic activity7. All of the above is extremely rele-
vant to highly urbanized volcanic regions, such as the Campi Flegrei
caldera in southern Italy (Fig. 1a). This volcanic field has produced
eruptions for at least 200 kyr8. It has experienced multiple large-
magnitude eruptions throughout its history, including the caldera-
forming eruptions of Campanian Ignimbrite (CI) at ~39 ka9 and the
Neapolitan Yellow Tuff (NYT) at ~15 ka10, as well as the Maddaloni/X-6,
the oldest known large-magnitude eruption at ~109 ka emerging as a
further caldera-forming eruption11 (Fig. 1a). The activity of the last 15
kyr has been characterized by over 70 eruptions in three volcanic
epochs12,13 (Fig. 1b), where low and moderate-sized activity has been
punctuated by larger Plinian eruptions, e.g., Pomici Principali (PP) and
Agnano-Monte Spina (AMS) (Fig. 1b). Specifically, the third epoch of
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activity13, is further divided into two sub-Epochs (3a and 3b; 5.5–4.5 and
4.4–3.8 ka, respectively), due to a rapid subsidence-uplift sequence
following the AMS eruption and preceding the last 4.4 kyr of
activity14–16. The last eruption, which offers a prime example of a low-
magnitude monogenetic eruption, occurred in 1538 CE and was pre-
ceded by a century of precursory signals, including ground deforma-
tion and seismicity17–19. Numerous petrological and geophysical studies
helped define the depth and extent of the plumbing system feeding

the eruptions of the last 4.4 kyr20 (Fig. 1c). Most of the eruptions have
been fed by a magma reservoir located at a depth of 5–7 km, hosting
latite to trachytic/phonoliticmagmas, which in turn are recharged by a
mafic reservoir from a depth of 8–10 km20–23. During magma uprise
towards the surface, the magma often gets stalled at shallower depth
(2–4 km), where the presence of evolved magma batches20,24, and/or a
fluid-trapping weak mechanical layer25 may halt the ascent of magma
towards the surface. However, despite the extensive knowledge about

Fig. 1 | Outline of the main features of the Campi Flegrei caldera. a Simplified
geological map of the Campi Flegrei caldera indicating caldera rims, volcano-
tectonic faults, and lineaments58,95, and post-NYT vent location subdivided by
Epochs. The top right inset shows a simplified chronostratigraphic scheme from
Fernandez et al.11. b Plot showing the erupted volume of post-NYT eruptions (in log
scale), yellow boxes indicate volcanic epochs13. Error bars indicate uncertainties on
the erupted volume. c Schematic diagram summarizing the Campi Flegrei sub-
volcanic plumbing system storage depth based on petrologic constraints20 and

independent constraints such as geodetic inversion and seismic tomography. G:
Geothermal system101; U: current volcanic unrest28; T: seismic tomography35,36;
Petrologic constraints (Stock et al.20 and references therein), including P: Phase
equilibria; MIs: Melt inclusions 1-2: Fondo Riccio; Minopoli 2; 3: Agnano-Monte
Spina; 4: Averno 283; 5: Astroni 684; 6: Nisida32; M: Melts modeling on post-NYT
eruptions92. E: Cooling and decompression experiments: Monte Nuovo24. Pressure
estimates were converted to depths using a crustal density of 2600kgm−3 (see
“Methods” and Supplementary Fig. S1).
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the plumbing system, no reference threshold value for magma
chamber rupture is known. At present, the need is particularly urgent,
as the volcano has been experiencing a series of short-lived uplift
episodes in the caldera center since the 1950s, and escalating seismi-
city in the last fewyears26. The surface deformationpattern27, including
localized anomalies28 and seismic activity29,30, is similar and qualita-
tively resembles that of the ramp-up to the 1538 CE eruption17–19

(Fig. 1c). For this reason, the study of recent (<4.4 kyr) eruptions is
crucial for gathering information about the potential processes that
may lead to the next eruption. We focus our attention on the Nisida
eruption (~3.9 ka), which occurred in the south-eastern caldera ring
fault zone and was recently reappraised in terms of structure and
erupted volume31, being the result of a fissure phreatomagmatic
eruption yielding a volume of at least 0.15 ± 0.01 km3 DRE31. This is a
moderate-sized eruption for theCampi Flegrei, similar inmagnitude to
the single events of the Astroni cluster13 (~4.2 ka). The Nisida fissure
eruption was fed by a latite-trachyte magma reservoir32, without
interaction with shallower bodies and thus representing an ideal case
study to retrieve information on the rupture conditions of the main
magma reservoir. Moreover, this eruption has the same isotopically
distinct mafic magma component as the other Epoch 3b and Monte
Nuovo (1538 CE) eruptions21,24, indicating that it tapped a shared
magma reservoir. In this work, relying on the diagnostic dyke-related
features identified on the southern part of the Nisida island31, and
together with the length of the feeding fissure, we reconstruct the
crucial geometric elements needed for dyke overpressure estimations.
By combining and expanding the approaches of Geshi et al.8 and
Browning et al.6, we adopted crustal and magma properties specific to
the Campi Flegrei caldera to estimate the magmatic overpressure and
failure threshold of the main magma chamber before dyke formation.
In addition, we simulated the geodetic signature of the calculated
excess pressure values, providing a benchmark to catch the transition
from unrest to eruption at the world’s most urbanized volcanic area,
currently experiencing escalating magma-driven unrest33,34.

Results
Upper-crust mechanical properties
Here, we present the evaluation of crucial crustal parameters neces-
sary to appropriately characterize the host rock. The host-rock com-
pressibility βr is obtained as in Eqs. (17 and 20 in “Methods” section)
and is equal to ~6.5 × 10−11 ± 2.4 × 10−11Pa−1. The Poisson’s ratio v using
Eq. (18)33 is 0.24 ±0.08, based on the average Vp/Vs ratio of 1.72 ± 0.17
for the upper 6 kmof crust35,36. With a shearmodulusG (ormodulus of
rigidity)5,7, equal to 9.4 ± 2.1 GPa, Vs = 1900± 190m s−1 and a repre-
sentative crustal density of 2600± 100 kgm−3, in agreement with the
value proposed by tomographic studies35, and reassessment of depth/
density profiles from up to 3 km-deep geothermal boreholes25,37,38

(Supplementary Fig. S1). We calculated the dynamic Young’s modulus
Ed by Eq. (19), yielding a value of 23.4 ± 5.0 GPa.

Magma properties
Physical properties of the erupted magma during the Nisida eruption
have been gathered from the detailed work of Arienzo et al.32. Among
the available analyses, we retrieved MI (melt inclusion) compositions
and entrapment pressures hosted within clinopyroxene phenocrysts.
Four available pressure determinations (ranging between 145 and
229MPa) have been used to assess theminimum dip-dimension of the
feeder dyke, and consequently, the minimum depth of the magma
reservoir feeding the eruption (Fig. 1c)21,32. The pressure has been
converted to depth using the reassessed average density of the Campi
Flegrei crust in the first 6 km (see previous paragraph). The resulting
average magma density (see “Methods”) is 2400 kg−1 m−3, to which we
added a conservative uncertainty of ±50 kg−1 m−3. As a reference tem-
perature to calculate the density of molten magma, we used the value

of 1218K (944 °C) provided by Arienzo et al.32 (see “Methods” section).
The bulk modulus of melt and crystal is ∼3 × 1010 Pa39–41. The bulk
modulus of the vapor phase ranges between 1 × 108 and 2 × 108Pa at
4–8 km depth, assuming an ideal gas behavior42–44. We considered a
value of 1.5 × 108Pa at 6 km depth. It must be noted that the gas phase
compressibility, which affects the magma chamber bulk compressi-
bility depending on the amount of exsolved volatile fraction, may be
up to 103 times higher than that of non-vesicular magmas43–46. The
bubble fraction x is controlled by the initial magma water content,
which is still in solution at the investigated depths, and by the amount
of decompression. The abundance of H2O measured in Nisida melt
inclusions ranges from ~1 to ~4.5 wt.%, with a mode at around 2wt.%,
which is a recurrent value in the majority of Campi Flegrei products,
regardless of their age and compositions32. The compressibility of
magma βm is thus equal to ~1.66 × 10−10 Pa−1 at 6 km depth, overlapping
with available compressibility values47,48. We consider all these magma
parameters to be constant and involved in isothermal conditions. The
crystallinity of the juvenile, which is a proxy of the melt fraction, is in
the range of 15–25%49, within the values of crystal content found in the
post-NYT products13,49.

Feeder dyke of Nisida eruption
The feeder dyke of the Nisida eruption is a circumferential/oblique
dyke, with respect to the caldera center, which fed the fissure phrea-
tomagmatic eruption, building up a tuff cone complex along a
~1400± 50m long fissure31. The length approximates the centroids of
the aligned craters31 (Fig. 2a). The estimated width of the dyke (see
“Methods”) gives a value of 4 ± 1m (Fig. 2b, c). The dyke width-
to-length w/L ratio is ~0.0030±0.0007. The graben width Wg is
~220 ± 30m, inferred roughly constant along its length, and anaverage
dip angle α is 75 ± 10°, indicating a dyke upper tip depth at 410 ± 290m
below the free surface at the time of the intrusion (see “Methods”).
Phreatomagmatic explosions during the Nisida eruption produced
thick sequences of massive to stratified lapilli tuff, with very frequent
juvenile ballistic ejecta31,32. Due to the lack of direct observations of the
feeder dyke, theminimum conduit vesicularity has been inferred from
the quenched erupted juvenile materials found in the eruption
deposit7,32, estimated as much as 20% vol. in glassy latite ballistics in
Arienzo et al.32.

Magmatic overpressure
In general terms, the failure of amagmachamber roof occurs following
the relation5,6,48,50:

Pl Pe = σ3 T0 ð1Þ

where Pl is the lithostatic or overburden pressure, Pe is the magmatic
excess pressure within the chamber ðPe =Pt � PlÞ, σ3 is the local
minimum compressive principal stress, and T0 is the local tensile
strengthof thehost rock. Since σ3 is the local stress at themarginof the
chamber, stress-concentration effects due to magma-chamber shape
and loading are automatically considered, since any irregularity in its
shape would promote instability5,50. The host-rock tensile strengths
typically range from0.5 to 9MPa, with themost common values being
1–6MPa4–6. It follows from Eq. (1) that, unless Pe reaches the local value
of T0, the chamber is in lithostatic equilibrium with the surrounding
host rock. In the absence of an external source of σ3 stress acts (e.g.,
regional tectonic stress), then a magma chamber can be assumed in
lithostatic equilibrium (non-deviatoric state) where all the principal
stresses at the chamber boundary are mutually equal (σ1 = σ2 = σ3) and
equal to the lithostatic stress (Pl). Hence, from Eq. (1), the assumed
equivalence Pe � T0 can be envisaged and used to derive Eq. (2).When
Pe ≥T0, the magma chamber fails and injects the magma in a tensile
(mode I) fracture, following the linear elasticity theory6; its driving
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pressure, or overpressure P0, can be described in the general form4,6,50:

P0 =Pe + ρr � ρm

� �
gh + σd ð2Þ

where ρr � ρm, namely, the difference between the average host rock
density and the average dyke-magma density, respectively, represents
the buoyancy term. The other terms are the gravitational acceleration
g (9.81m s−2), the height of the dyke between the chamber and the
observation point h (i.e., the dip dimension of the dyke), and the
differential stress σd (σd = σ1 − σ3), i.e., the difference between vertical
stress and the minimum principal horizontal stress in the rock layer,
where the dyke overpressure is calculated. On the other hand, the
overpressure P0 of amagma-filled fracture in an elasticmedium can be
related to the dyke aspect ratio w/L of a two-dimensional elliptical
crack as follows7:

P0 =
wEd

2 L ð1� v2Þ ð3Þ

where the dyke width is 4m, L is 1400 ± 50m, the dynamic Young’s
modulus Ed, calculated using Eq. (19), is equal to 23.4 ± 5.0 GPa, in line
with that calculated in Vanorio and Kanitpanyacharoen51, who already
noted the remarkable difference with values obtained in laboratory
experiments on tuff samples from Campi Flegrei52,53. The Poisson’s
ratio v, following Eq. (18)33, is equal to 0.24 ± 0.08, although its
deviation from the standard value of 0.25 is not critical for the sake of
our results, as depicted in Di Traglia et al.54. Thus, using the

abovementioned values, the calculated dyke overpressure P0 is equal
to 35.5 ± 11.0MPa (Fig. 3a).

Magma vesicularity and excess pressure
As seen in Eq. (2), themagmatic overpressurePo in a conduit is the sum
of several terms, including the buoyancy force. As magma decom-
presses during ascent, the exsolution of volatiles and consequent
vesiculation decrease its overall density. Following Geshi et al.7, we
assume that the density of the water vapor in bubbles is negligible.
Therefore, the bulk density ρvm of a vesicular magma is given as fol-
lows:

ρm = ð1� pÞρ0 ð4Þ

where p is the vesicularity of magma, and ρm is the density of liquid
magma. The bulk density of themagma ρ in amagma chamber close to
the equilibrium is at least similar to that of non-vesiculatedmagma ρ0.
However, potential instabilities due to small amounts of exsolved
volatiles could promote unrest8. Yet if this amount cannot reach the
rock’s tensile strength, it would contribute to maintaining equilibrium
in the chamber. The density of non-vesiculated magma ρ0 is
2400± 50 kgm−3 (see “Methods”). Therefore, the vesicularity (p) of
magma in a dyke can be estimated using Eq. (5):

p=
P0 � ðPe + σdÞ

ρ0gh
ð5Þ

Fig. 2 | UAV photograph of the Nisida tuff cone (Photo courtesy of Dr. Enrico
Cascella) and simplified illustration of the feeder dyke. a Simplified sketch
describing the main geometrical features of the Nisida feeder dyke, where Ed and v
are the dynamic Young’s Modulus and the Poisson ratio, respectively. L and h are
respectively the strike and dip dimensions of the dyke, whilew and P0 are the dyke
width and overpressure. The bottom left pop-up shows the length of the dyke and

its relationships with the caldera ring fault zone. b Interpreted field photographs
showing the dyke-induced faults; only the cut-offs of the main fault have been
considered. White and blue dots represent fault tips and branch points, respec-
tively. The bottom right plot shows equiareal lower-hemisphere plane projections
of the faults. c Simplified sketch showing the relationships between dyke-induced
graben features and dyke syn-emplacement depth and width.
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where depth to the magma chamber (h) was estimated from the
clinopyroxene-hosted Melt Inclusions32, which indicate the shallowest
entrapment depth at 5.7 km (in a range of 5.7–7.8 km depth, see
“Methods”). In agreement with the existing literature20,32, although the
similar isotopic compositions do not necessarily place constraint on
depth21, it is consistent with the extraction of magma from a similar
reservoir as the other Epoch 3b (<4.4 kyr) eruptions. As for Eq. (2), the
differential stress is considered negligible, as no direct influence of
regional tectonics on vent distribution has been documented for the
recent volcanism2,55. When the volatile content (mainly H2O)

20 exceeds
solubility, they begin to exsolve from themagma. Rewriting Eq. (2) and
using the magma density as in Eq. (4), the buoyancy is the primary
driver of magma propagation within the shallow crust at Campi
Flegrei. Since CO2 exsolves from magma at greater depths, we imply
that Eq. (4) only reproduces the effect of exsolving H2O at investigated
depths20,22. With Eq. (3) we have estimated the overpressure of the
Nisida feeder dyke at 35 ± 11MPa. Themagma reservoirwill fail when Pe

reaches the tensile strength of T05. Experimental analyses of Campi
Flegrei rock samples23,56 indicated that the upper limit of representa-
tive tensile strengths of these rocks canbe as high as 10MPa. However,
wall rock rupture may occur at lower excess pressures than the
laboratory-measured tensile strengths, owing to stress concentrations
at the edge of the wall rock and/or local failures within the wall
rock5,6,50. In our specific case, we have estimated the value of Pe
adopting the assumption that the volume added to a sill-like chamber
before rupture ΔVm is roughly equal to the magma volume leaving the
chamber with the dyke intrusion. This is, the sum of the erupted
volume at the surface, plus the volume quenched within the feeder
dyke, assumed of homogeneous strike dimension and width from the
surface down to the magma chamber (i.e., planar dyke57) which is, a
simplification, yet provides a crude estimate of 0.03 ±0.01 km3, for a
total considered volume Ve of 0.18 ± 0.01 km3. We can estimate the
value of Pe for a sill-like reservoir, using6:

Pe =
3EdΔV

16ð1� v2ÞR3 ð6Þ

where Ed is equal to 23.4 ± 5.0GPa, and R is the inferred radius of a sill-
like magma chamber encompassing the inner caldera rim58, fixed at
4.5 ± 0.5 km,which gives a value of 9.3 ± 3.8MPa, higher than the other
value estimatedwith Eq. (S1). The vesicularity of the quenched juvenile
material is estimated at around20%32.Wenowestimate the vesicularity
of themagmausing Eq. (5), whichgives a value of 0.20 ±0.09when the
excess pressure Pe is considered. Its relationshipwith dyke aspect ratio
and overpressure is shown in Fig. 3b. On the other hand, neglecting the
excess pressure, necessary to initiate a dyke intrusion and assuming
that the buoyancy force solely supports the magma overpressure,
then the vesicularity of themagma in the feeder dyke is estimatedwith
Eq. (5) to be 0.26 ±0.08. Both modeled values are consistent with the
observed vesicularity of the least vesicled quenched material32.
Rearranging Eq. (5) for Pe, it becomes:

Pe =P0 � pρ0gh ð7Þ

and yield a value of ~8.6 ± 1.6MPa, which is similar to that calculated
with Eq. (6), within the range of realistic values of rock tensile
strength5,6,23,50 allowing us to consider the value of 9MPa as an
appropriate upper limit of tensile strength T0 for the shallow crust
hosting the Campi Flegrei plumbing system.

Depth of dyke nucleation
The buoyancy term is the leading factor to dyke overpressure, thus
neglecting the magma excess pressure upon propagation within the
crust, overpressure P0, derived from Eq. (2) can be rewritten as
follows59,60:

P0 = jðρr � ρmÞjgz ð8Þ

which in terms of the depth of dyke formation z, becomes:

z =
P0

gj ρr � ρm

� �j ð9Þ

where ρm is the density of vesicular magma. The estimated depth of
dyke formation is 5.3 ± 1.8 km.

Constraining the magma chamber volume during the
last 4.4 kyr
Small-to-moderate-sized volcanic eruptions are fed by magma cham-
bers that only drain a limited proportion of the hosted magma in
eruptible conditions61. Other external factors may force the expulsion
of higher proportions of magma, for instance, the onset of caldera

Fig. 3 | Physical parameters of the Nisida feeder dyke. a Relationship between
dyke aspect ratio (w/L) and overpressure (P0) of the magma in the dyke based on
Eq. (18). Density of host rock (ρr) is fixed as 2600kgm−3. Variations of the dynamic
Young’s modulus of the host rock from 1MPa to 50MPa are shown. The solid line
represents the relationshipbetweenw/L andP0 at Ed = 23.4 GPa, as suggestedby the
velocity of the S-wave (VS) at 1900m s−1 in the host rock. Error bars denote the error
on the w/L ratio and dyke overpressure. b Relationship between dyke aspect ratio
(w/L) and vesicularity of magma (p) based on Eq. (5). The calculations are based on
two different magma chamber depths (h = 6 km (solid red lines) and 9 km (solid
blue lines). The cases of Pe =0, 2, 4, 6, 8, and 10MPa are shown for each case. For a
depth of 5.7 km, a 9.3MPa curve is indicated with a dashed black line. The filled
triangle indicates the calculated vesicularity of the least-vesiculated bombs of the
Nisida eruption, which agrees with the qualitative estimation provided by Arienzo
et al.32. The scale at the top of the figure indicates the overpressure corresponding
to the dyke aspect ratio (w/L) shown in the horizontal axis of the figure based on
Eq. (5) atEd = 23.4 GPa. Error barsdenote the error on thedykevesicularity anddyke
overpressure.
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collapse, graben subsidence, or involvement of interconnected
reservoirs39,40,62,63. The erupted volume of “ordinary” eruptions relates
to that of a molten magma chamber (Vm) according to the relation6:

Ve = Pe βr +βm

� �
Vm ð10Þ

where host rock βr and magma βm compressibility are calculated as
described in the “Methods” section. To estimate the ratio of erupted
material to the volumeof the shallowmagma chamber, we assumed the
chamber to be fully molten. This is the usual assumption implied in the
inversion of geodetic data to infer the depths and volume of magma
chambers associated with inflation and deflation (unrest) periods5,64.

If the erupted volume is known, Eq. (10) can be rearranged as
follows5:

Vm =
Ve

Peðβr + βmÞ
ð11Þ

Remembering that the rock tensile strength T0 is roughly equal to
the magmatic excess pressure Pe6, we see that an upper bound value
for the Nisida eruption is ~9MPa. Using Eq. (11), the volume of the
molten magma chamber is 84 ± 35 km3 (Fig. 4a). Consequently, the
ratio between extrusive Ve (erupted + intruded) and magma chamber
volume Vm, Ve/Vm ratio, is ~2.1 × 10−4 (for Pe = 9MPa) or rewritten in
terms of Vm, Vm =464 ± 193Ve.

However, extensive petrologic evidence13,20,49 indicates that
magma reservoirs are pictured as poroelastic mush in transcrustal
systems65,66. Therefore, this implies that only a fraction, not less than

50% to ensure eruptible conditions67, of the bulk magma chamber is
molten, and reciprocally proportionate, is made up of compressible
pores of the crystal mush68,69, so that Eq. (10) is rewritten as:

Ve = f Pe βr +βm +βp

� �
Vmp ð12Þ

Where f is themultiplier factor accounting for themagmacrystalmush
molten fraction, βp is the undrained mush compressibility65,68 equal
to ~2.67 × 10−11 Pa−1 specifically modulated for the molten fraction
f (0.5)69, and Vmp is the bulk volume of the poroelastic mush reservoir.
Thus, introducing themelt fraction f and addingβp in Eq. (12) becomes:

Vmp =
Ve

f Peðβr +βm +βpÞ
ð13Þ

On that basis, we estimate a bulk volume of the poroelastic
magma reservoir at 151 ± 62 km3, whichwould be equal to a 2.4 ± 1.1 km
thick sill-like magma domain encompassing the shallow crust between
5.7 and 8.1 km depth. Using these values, the ratio between extrusive
(erupted + intruded) and magma chamber volume rewritten for Vmp

becomes: Vmp = 833 ± 346Ve.

Magma chamber failure upon recharge
When themagmatic excess pressure Pe equals the rock tensile strength
T0, the pressure promotes dyke initiation, and assuming that the
erupted volume is approximately equal to the volume ΔVm added
to the reservoir before the chamber rupture, we can rewrite Eq. (11)
for Pe5:

Pe =
ΔVm

Vm βr + βm

� � ð14Þ

The addition of new magma to the fully molten chamber may
disrupt the lithostatic equilibrium, producing a deviation from back-
ground seismic, geochemical and geodetic observables related to the
increase in excess magmatic pressure and degassing. Therefore, using
the total volume Ve of the Nisida eruption as input (0.18 ± 0.01 km3 of
magma), the magma recharge produces an upper-bound value of
excess pressure Pe equals to 9MPa for a fully molten magma chamber
(Fig. 4b). Hence, in the case of a partially molten magma chamber, to
which βp must be added, Eq. (14) becomes:

Pe =
ΔVm

Vmp βr +βm +βp

� � ð15Þ

Considering the bulk volume of a poroelastic magma chamber
Vmp for a lower-bound value for eruptible conditions of 50% molten
fraction during a volcanic epoch49,67–69, the addition of ~0.2 km3 of
magma may reach lower values of Pe (~5MPa), yet sufficient to reach
critical rock tensile strength valuesproposed in literature (Fig. 4), while
larger ΔVm volumes would be required to reach the upper bound
threshold of ~9MPa. A summary of the complete set of physical
parameters used above is provided in Table 1.

Geodetic signature of magma chamber recharge
As described above, the top of the magma reservoir feeding the
<4.4 kyr eruptions is averagely located at 5–6 km depth (Fig. 1c). Since
we have estimated the volume change required to bring the magma
chamber into critical condition, we have explored different combina-
tions of source depth and magmatic excess pressure for a sill-like
reservoir, and how this affects themaximumdisplacement value at the
deformation center and the spatial pattern of deformation if this
would occur at present time, centered in Pozzuoli (UTM coordinates
425794, 4518206). In Fig. 5a, we show that for a fully molten chamber,
the addition of 0.075 km3 can produce amaximumuplift of ~1m at the

Fig. 4 |Magmadomain of the Campi Flegrei. a Sketched cartoonof themagmatic
plumbing system of the Campi Flegrei illustrating the volume of the active sill-like
magma chamber, the volume variation ΔVm, and the erupted volume Ve. b Binary
diagram showing the relationship between the recharge volume and the magmatic
excess pressure necessary to bring the main chamber to rupture. The yellow
dashed line indicates the median value of juvenile crystallinity (reciprocal of melt
fraction) inEpoch3berupted rocks49. SMGSantaMaria delleGrazie,OLOlibano, AC
Accademia, PAPaleoastroni, SO Solfatara, A1-7 Astroni, FLFossa Lupara, AVAverno-
2, CM Capo Miseno, MN Monte Nuovo, subscripts s source, e erupted. Triangles
indicate erupted magma DRE of post 4.4 kyr eruptions; Inverted triangle indicates
the shallow source of Monte Nuovo.
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deformation center for a 6 km deep, 4.5 km radius magma chamber.
Higher volume variations, up to 0.15 km3, would produce up to ~1.8m
of uplift. On the other hand, this value is lower than 0.5m for an 8 km
deep sill-like reservoir70. In Fig. 5b, we show the comparison between
normalized curves of the deformation of the 1980–198371 levelling and
the GNSS (Global Navigation Satellite Systems) data from the INGV
(IstitutoNazionalediGeofisica e Vulcanologia) network72 (both vertical
and horizontal displacement), for which we obtained a best fit with an
idealized a Mogi point source73 between 3 and 4 km depth, in agree-
ment with Giudicepietro et al.30. On the other hand, the vertical dis-
placement reconstructed for the 1251–1538 CE period during the
unrest predating the 1538Monte Nuovo eruption18 is best fit with a sill-
like, 4.5 km radius, reservoir at ~6 kmdepth19. This deformationpattern
is significantly broader than the one observed today. The best fit at
~6 km depth gives RMSE (Root Mean Square Error) of 0.03. These
curves are superimposed based on the assumption that the deforma-
tion shares the same axis of symmetry as the shallow deformation and
that the source is confined by an elastic half-space (Fig. 5b).

Discussion
The 1400± 50m long feeder dyke of the Nisida eruption is rather
similar to the eruptive fissures of Baia-Fondi di Baia, Averno 2, and
Monte Nuovo, characterized by a length of ~1900, 1300, and 1700m,
respectively18,74,75. Some non-feeder dykes have also been recognized
along the southern caldera rim76, having a length between up to
750 ± 150m, closer to the average crater width of single vent Campi
Flegrei eruptions77, suggesting that laterally propagating fissure
eruptions are rather uncommon. The combination of the inferred dyke
width and length leads to aw/L aspect ratio of 0.003 ±0.001 like those
obtained in the literature. The spectrum of such values spans from
0.0001 and 0.001 for the fissure swarms in east Iceland59 and Santorini
dykes exposed on the caldera walls5, to 0.001 to 0.01 at Miyakejima

volcano7,78, tectonic-controlled carbonate-seated dykes79, and mafic
dykes emplaced within granites of the Western Dharwar Craton
(India)80. Thus, our estimation of w/L appear to be reasonable for
the Nisida feeder dyke. The calculated magmatic overpressure using
Eq. (3) gives a value of 35 ± 11MPa, which is significantly higher, by a
factor of 3, than those calculated for the Miyakejima historical fissure
eruptions. Still, this is well justified by the higher H2O content and
explosivity of the Nisida phreatomagmatic eruption when compared
to the lava effusion to fire fountaining activity (P0 between 3 and
13MPa) at Miyakejima, yet in line with larger dykes59. Moreover,
the maximum inferred dyke upper tip depth of 410 ± 290m is, within
uncertainties, consistent with the valid depth range expected for
phreatomagmatic explosions81, this value decreases down to ∼250 m,
accounting for overstimation implicit in the applied method82. Our
predicted vesicularity values are remarkably similar to those qualita-
tively assessed on quenched juvenile material32 and are compatible

Table 1 | List of physical parameters and variables used in
this work

Dyke and magma properties Value Uncertainty Unit

Dyke-induced fault heave 2 0.5 m

Dyke width 4 1 m

Dyke length 1400 50 m

Dyke dip dimension 5700 200 m

Magma density 2400 50 kgm−3

Magma observed min vesicularity 0.2

Vescicled magma density 1920 60 kgm−3

Magma overpressure P0 35 11 MPa

Magma excess pressure Pe 9.3 3.8 MPa

Calculated vesiculation Pe = 0 0.2 0.09

Calculated vesiculation Pe ≠0 0.26 0.08

Compressibility βm 1.66 × 10−10 Pa−1

Compressibility βp (f = 0.5) 2.67 × 10−11 Pa−1

Host-rock properties Value Uncertainty Unit

Host-rock density 2600 100 kgm−3

Vp 3270 460 ms−1

Vs 1900 190 ms−1

Vp/Vs 1.72 0.17

Poissonʼs ratio v 0.24 0.08

Shear modulus G 9.4 2.1 GPa

Youngʼs Modulus Ed 23.4 5 GPa

Bulk Modulus k 15.3 5.6 GPa

Compressibility βr 6.56 × 10−11 2.4 × 10−11 Pa−1

Tensile strength T0 9.3 3.8 MPa

Fig. 5 | Geodeticmodeling of Campi Flegreimagmatic source. a 3D plot showing
the tradeoff between the source depth and magmatic excess pressure of a sill-like
source in producing a spectrum of uplift values at the deformation center. The
source radius isfixedat 4.5 km.bPlot showing the comparisonbetweennormalized
vertical displacement of a Mogi point source and a Fialko sill-like source displaying
a bell-shaped pattern as computed fordifferent source depthswith afixed radius of
4.5 km. Blue circles are 1980–1983 vertical levelling data71; Green and cyan circles
are the vertical and horizontal components of the 2010–2021 GNSS data72; Red
circles are geoarchaeological data of ground deformation preceding the Monte
Nuovo eruption in 1538CE18. Dashed and dotted colored lines show the vertical and
horizontal components modeled with a Mogi source fitting the current deforma-
tion. Dashed shaded-red lines show the vertical component modeled with the
Fialko model of a sill-like source fitting the geoarchaeological data18,19.
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with the computed dyke overpressure and aspect ratio for a 5–6 km
depth magma chamber (Fig. 3b), supporting the findings of Geshi et
al.7. The value of ~9MPa of excess pressure, which is roughly equal to
the upper limit of the host rock tensile strength, has been calculated
using a sill-like geometry, and the vesicularity value, as well as for a
sphere geometry (see Supplementary Results), the latter yielding
lower Pe values due to its dependence with higher magma chambers
volumes for a spherical reservoir (Supplementary Fig. S2). It should be
noted that most of the post-NYT eruptions are fed by magma reser-
voirs between 5 and 7 km, with magma interacting and eventually
stalling at shallower depth (2–4 km) only briefly before eruptions83,84.
Therefore, in agreementwith the entrapment depth ofmelt inclusions,
our estimation of ~5.3 km, based on the depth of origin of a buoyancy-
driven dyke, is consistent with independent petrologic data.

All of the above furnish the backdrop for further evaluation of the
magma chamber volume and the threshold for its failure due to
incremental or short-lived recharge. The volume of themoltenmagma
chamber active during the Nisida eruption, and representative of the
Epoch 3b volcanism, is 84 ± 35 km3 (Fig. 4a), meaning that around
0.1–0.2% of the volume of a molten magma chamber would be trans-
ported out of the chamber, feeding a moderate-sized volcanic erup-
tion. It is worth noting that, considering a realistically sill-like shaped
reservoir of radius 4.5 km, accounting for the surface of the inner
caldera enclosing eruptive sites and deformation pattern27,55,85, the
inferred thickness of the magma chamber region would be ~1.3 km,
ranging from 5 to 6 km depth, consistent with the estimation provided
by melt inclusions and phase equilibria in the vast petrological litera-
ture of Campi Flegrei (Stock et al.20 and references therein). It should
also be stressed that such a molten magma reservoir volume should
produce significant positive Vp/Vs anomalies86 detectable by seismic
tomography.

On the other hand, although the complete characterization of
the magma chamber geometry is beyond the scope of this work, the
surface projection of the recently active magma chamber could be
smaller than the existing caldera structure, implying that the thick-
ness of the active magma chamber would encompass a wider depth
range. The availability of such a large volume of magma, con-
currently with a deep-rooted network of volcano-tectonic faults,
could also represent the predisposing conditions viable for the
occurrence of large (M ≥ 5–6) eruptions8, in which the gravitational
collapse of overburden blocks would allow a larger volume of
magma to be erupted39,40.

In contrast, during the post-NYT eruptive activity, uprising
magma has often interacted with shallow, smaller, more evolved
magma pockets located in the upper 3–4 km20,83,84, possibly favored by
the presence of a weak layer25, including the process implicated in the
last eruption in historical times (Monte Nuovo18,24). We acknowledge
that the architecture of the plumbing system may be more complex,
inhomogeneous and compartmentalized50, with regions of crystal-rich
mush testified from antecrysts and microlites frequently found in the
erupted juvenile material13,49. In general, melt fraction values may vary
dramatically, ranging from 5–10% in long (>100 kyr) dormant volca-
noes (e.g., Datong volcanoes87) to approximately 30% in quiescent
caldera systems (e.g., Yellowstone Caldera88). At Campi Flegrei, melt
fraction values have been proposed based on magnetotelluric data66

(10–30%) and seismic reflection studies35 (65–90%) at around 8 km
depth. On the other hand, the melt fraction of the shallow plumbing
system during a volcanic epoch can range from aminimum of value of
50% to 85–90% based on the crystallinity of erupted material13,49, also
agreeing with the input parameters used in Mullet and Segall69 and
Weber et al.89, and considering that eruptible magma usually contains
less than 50% volume of crystals67. The effect of considering down to
50% ofmelt fraction entails that themagma intrudes in amediumwith
a bulk compressibility higher than the host rock, but still much lower
than the molten magma. It implies that the undrained mush bulk

compressibility can be up to 20% higher for a 50% mush melt
fraction69, partially damping the overpressure generated by a magma
injection into the magma reservoir (Fig. 4b). Given the implied sim-
plifications which represent an end member for our calculations, the
results indicate an increase in the modeled bulk magma chamber
volume, up to 151 ± 62 km³, considering a sill-like reservoir of radius
4.5 km, encompassing depths from 6 to 8 km, which it still be a rea-
sonable value. The uncertainty decreases to ±16 km³, neglecting the
error propagation related to Pe when fixed at 9MPa. Generally, the
values ofmelt fractionmay vary significantly along the vertical axis of a
sill system90, with higher degrees ofmelt fractionup to a totallymolten
magma reservoir being inferred below a depth of 7.5 km35. It must also
be considered that as a volcanic epoch progresses, the melt fraction
gradually increases, implying that less magma needs to be added to a
molten reservoir before initiating rupture. On the other hand,
although the thermal fingerprint91 of past recharges vanishes at greater
time scales than the current interval since the last eruption, low melt
fractions (10–30%) might be expected at the onset of unrest at a dor-
mant volcano. This may provide a possible explanation for the failure
to image in seismic tomography, to date, the main Campi Flegrei
magma chamber at 5–7 km depth92, also accounting for the resolution
limits of these techniques, as, due to its current state, pre-
dominantly made of crystal mush. This could be remobilized by hot
gases93, or remelted by the recharge of more mafic magma20,21.

We have obtained an upper bound value of magmatic excess
pressure Pe for a fully molten reservoir, hence of rock-tensile strength
T0, close to 9MPa, which is consistent with realistic values of tensile
strengths4–6,25,53,56. It is worth noting that such high tensile strength is
not unexpected due to the positive correlation with low rock
porosity56, which can be envisaged at magmatic depths and in the
presence of thermo-metamorphic and geothermal supercritical fluids,
able to mineralize the rock fractures and primary (likely compacted)
pores25,38. The applied model predicts the required volume variation
needed for a magma chamber of known volume to reach the critical
excess pressure and cause dyke initiation5 (Fig. 4b). A lower bound of
~4MPa can be considered a critical threshold5 (Fig. 4b). Our recon-
structed curve yields a ratio ofΔVm/Pe, i.e., the slopes of the correlation
lines, of 0.02 and 0.04 km³/MPa, for a fully molten and a poroelastic
reservoir, respectively. This means that, for the latter, the system can
store more magma before reaching critical values for ordinary erup-
tions. This may also explain why moderate-sized eruptions are the
most frequent at Campi Flegrei in the post-NYT activity, having a
recurrent magma chamber rupture threshold and tapping a similar
reservoir. Possibly also explaining the observed temporal clustering of
the volcanic eruptions into epochs at Campi Flegrei94. Therefore, we
suggest that in the condition of a molten chamber and a poroelastic
magma chamber, 0.075 and 0.175 km3 of magma, respectively, would
be enough to promote chamber failure (Fig. 4b). Moreover, the values
of crystallinity of erupted magma (15–25 vol. %13,49) is within the con-
sidered spectrum of melt fraction (50–100 vol. %), for which we have
calculated the magmatic excess pressures. We underscore that this
model only applies to ordinary eruptions that do not involve volcano-
tectonic collapses or interaction between different magma batches,
which can causemoremagma to reach the surface40. This observation
has implications for the growth of magma chambers over time, as
magma accumulation preceding an eruption, whichmost likely occurs
through incremental steps of recharge, must arise on shorter time-
scales than those leading to solidification65,69. As a volcanic epoch
progresses, lower and lower volume variationwouldbe required as the
melt fraction eventually increases (Supplementary Fig. S2). Overall,
this represents the first attempt to estimate a threshold for magma
chamber failure potentially associated with geodetically detectable
signals despite the presence of a poroelastic mush system, which is
able to affect the accurate determination of volume variations at the
surface69. Critically, the compression of poroelastic mediamay lead to
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a significant underestimation of intruded volumes, and thismost likely
explains the misfit between erupted volumes and geodetic-derived
volume estimates47,69.

The magma reservoir feeding the Nisida eruption can be reason-
ably assumed to be representative of those feeding the Campi Flegrei
eruptions of Epoch 3b (4.4-3.8 kyr). Given this, it is striking to note
from Fig. 4 that while most of the eruptions are within the 4–9 MPa
range, some of these eruptions fall below the critical values of 4 MPa,
required to bring a chamber to rupture5. Here, we provide some pos-
sible explanations considering their age and location with respect to
the caldera structure (Fig. 6). The large volume eruption of Agnano-
Monte Spina, closing the Epoch 3a, triggered the volcano-tectonic
collapse of the Agnano Plain14,95 and the apical region of the uplifted
dome76,96. The subsequent activity occurs within a frame of intense
volcano-tectonic activity associated with rapid ground uplift14,15, which
followed a short-lived subsidence phase. The first post-AMS activity
occurred in the central sector (VT zone 1, Fig. 6), where small-volume
lava domes, phreatic explosions, and small Vulcanian eruptions have
taken place along volcano-tectonic faults dissecting the shallow geo-
thermal system97. This activity involved the simultaneous eruptions of
Solfatara and Averno 298 (Fig. 6), the former anticipated by phreatic
eruptions. The Astroni cluster13 erupted ~0.7 km3 of magma through 7
distinct explosive episodes (~0.1 km3 DRE on average) and further
minor intra-crater activity, vented in correspondence with the

previously formed AMS caldera (VT zone 2, Fig. 6). Epoch 3b then
concludedwith the three peripheral eruptions of Nisida, CapoMiseno,
and Fossa Lupara, distantly vented across the ring fault zone (VT zone
3, Fig. 6). Some alternative explanations can be given about the
eruption in zone 1, either being erupted at the culmination of caldera
unrest, with the erupted volume representing the deviation from the
minimum threshold for chamber rupture of ~0.075 km3 DRE ofmagma
(4 MPa). Alternatively, since these small-scale eruptions occur along
volcano-tectonic faults, it is likely that they represent the eruptive
material of more evolved shallow magma pockets squeezed out
through the faults dissecting the geothermal system, as suggested by
the phreatic activity (e.g., Olibano and Solfatara eruptions)14. If this
were the case, then the threshold for the 5–6 km depth magma
chamber provided here would not be applicable for this shallower
system, which needs further characterization. On the other hand, it
becomes evident that deep-rooted caldera structures, i.e., both the
broad caldera ring fault zone and the AMS caldera, can facilitate larger
magma volumes towards the surface. Isotopic studies21 suggest that
most of the Epoch 3b eruptions are fed by a common mafic “Astroni-
like” component recharging a 5–7 km depth reservoir, allowing us to
consider these eruptions as related to the main magma storage region
constrained by petrologic evidence (Figs. 1c, 4a), regardless of the
incidental interaction with shallower magma pockets intercepted
during the ascent21,84. The eruptionofMonteNuovo in 1538CE erupted

Fig. 6 | Volcano-tectonic zonesof Epoch 3b eruptions.Plot showing the temporal
distribution of volcanic vents for the three volcano-tectonic zones (VT1, VT2, VT3) of
the Epoch 3b. Map insets show the location of the caldera ring fault zone (shaded

red58) and the collapsed area associatedwith theAMSeruption (shadedblue76,95,96);
and the surface hydrothermalized area (shaded yellow37,97).
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only 0.03 km3 of magma DRE13, but, in agreement with geodetic
inversion of geoarchaeological data18, and petrologic constraints24, up
to 0.16 km3 left the main reservoir region before briefly stalling at
~2 km depth, and remaining mostly trapped. Thus, this suggests that
our model provides a reasonable approximation to forecast the
initiation of amagmatic dyke from themainmagma reservoir.We note
that this model is not necessarily capable of predicting the match of
the excess pressure threshold due to crystallization-induced second
boiling and late-stage volatile saturation99 of shallower magma pock-
ets, but rather is only related to first boiling of the main reservoir61. In
fact, volatile saturation may occur due to first boiling, resulting from
the injection of volatiles-richmaficmagma into amore evolvedmagma
body49,61, or to late-stage differentiation and segregation of mineral
phases20,92,99, as occurred for the Monte Nuovo eruption49.

Our results are consistent with petrology work20,92, indicating that
most volcanic eruptions are fed by a magma reservoir located below
5 km depth49,100. This also agrees with geodetic inversion of geoarch-
eological data related to theMonte Nuovo eruption18,19, that suggests a
6 km source depth (Fig. 5b). This depth is significantly different from
that estimated for the current deformation (Fig. 5b), which coincides
with the pressurization of the geothermal system101 and/or smaller
magma intrusions at shallow levels36 recharged by the main reservoir.
Eruptions fed from shallow levels occur following late-stage
differentiation99, or by passive extraction of degassed magma14 due
to volcano-tectonic control (Fig. 6). Overall, this implies that a sig-
nificantly different, likely wider (Fig. 5), deformation pattern would be
superimposed on the one characterizing the current unrest. In the
simplest approximation, assuming that the two superimposed sources
share the same axis of symmetry, the pressurization of a sill-like
reservoir70, with a radius of 4.5 km and a depth between 5–7 km, in
relation to a volume change around 0.075 km3, would, in theory,
produce a readily detectable change in the deformation pattern, as
evident from the normalized curves (Fig. 5b). The greatest sensitivity
to this change in patter would be in the widening of the deformation
field, beyond the 8 km radial distance from the center, as well as an
outward shift of the steeper portion of the curve between 3 and 4 km
of radial distance (Fig. 5b). The change in pattern would be even more
evident in the case of non-correspondence of symmetry axis. It is also
important to bear in mind that a pressurization linked to a magma
recharge of the order of that feeding the last 4.4 kyr eruptions, would
produce some meters of ground deformation anticipating the dyke
enucleation (Fig. 5a). Therefore, we contend that, under the assump-
tion of an elastic half-space, it should be possible to catch the pre-
cursory phase leading to an impending eruption at Campi Flegrei. On
the other hand, if the actual rheological structure of the Campi Flegrei
crust is not represented by an elastic half-space at the investigated
depths, detection of such deformation could bemore difficult, but the
ascent of mafic magma can still be detected, and its volume esti-
mated, from geochemical data34. In this regard, we underline that
starting from2018, the anomalousH2S content found in themonitored
fumaroles34, is consistent with the ascent ofmafic, volatile-rich (2wt. %
CO2, 4wt. % H2O) magma degassing at 150MPa, which point to ascent
depths of 6 km, strikingly similar to our calculations for the rechargeof
the mainmagma chamber34. As of today, suchmagma recharge seems
to be escaping geodetic/seismological detection, suggesting it is
below aminimum detection threshold of the network. Yet, this should
stimulate actions towards improved preparedness of the population
living inside the caldera and further development of the volcano
multiparametric monitoring network in constraining deeper sources,
testing its sensitivity to such signals, and enhancing effective man-
agement of volcanic crises in one of the world’s most hazardous vol-
canic areas. Hence, our results can be valuable to the scientific
community in informing forward models of ground deformation,
testing geodetic network sensitivity in the presence of superimposed
deformation sources. Our model provides a threshold for a timely

detection of the precursory phases before dyke formation, attempting
to catch the critical state of the magma reservoir before magma
movements. This is crucial in a condition of escalating unrest, like the
one experienced in the last decade at Campi Flegrei, characterized by
extensive evidence of magma-related observables. Moreover, we have
provided realistic values of dyke aspect-ratio and reference for mag-
matic overpressure, which are critical values for testing dyke intrusion
scenarios. Finally, long-lasting, low-volume injections, instead of dis-
crete, recharge episodes102, might be more efficient to represent
incremental steps in magma recharge growing magma chambers103.
The effect of long-lasting magma injection would promote magma
preservation in eruptible conditions49.

Methods
This section describes the technical approach we have pursued to
estimate reliable geometric and mechanical properties suitable to be
representative for the Nisida feeder dyke, Campi Flegrei magma and
hosting shallow crust.

Estimation of feeder dyke geometry
At Campi Flegrei no direct information about dyke dimensions are
available but based on recent results31 we have assessed the one
feeding the eruption of Nisida tuff cone complex. We estimated the
dyke width (w) considering the geometry of the dyke-induced
deformation at the surface, which commonly produces a set of
opposite-dipping conjugate faults of a partially preserved fissure-
related graben104. The heave, i.e., the horizontal component of the
displacement (Fig. 2), is considered a proxy for dyke thickness w
employing the extension at surface across dyke-induced fault pairs
(i.e., their cumulative heave)105,106. We estimate the cumulative heave
using the relationship: w � 2 ×heave of a single observed dyke-
induced fault105. Although there are no direct measurements of the
dyke in the field and available seismic datasets, its presence is sug-
gested by a localized seismic reflection blanking disturbance31.
Moreover, graben width (wg) and the dip of bounding faults mea-
sured at the surface are commonly used to estimate the dyke upper-
tip depth (Htip) as follows: Htip =

wg

2 × tanα. Where α is the average
fault dip, assumed constant with depth104,107. We are also aware that
this method may have some limitations, as it can overestimate the
dyke upper tip depth by up to 40%82, therefore we consider this
potential bias accordingly.

Magma properties
To seek an accurate calculation of the magma buoyancy term, the
chemical composition ofmelt inclusions has been used to estimate the
density of the magma, adopting the Python script of Iacovino and
Till108.

The magma bulk Modulus km (modulus of incompressibility) is
obtained using equation39,40:

k =ΔP
V
ΔV

=ΔP
V

ðΔVg +ΔVmÞ
=

kgkm

kmx + kg ð1� xÞ ð16Þ

where k is the BulkModulus of themulti-phasemagma, x is the bubble
fraction (i.e., the H2O content of themagma), kg is the bulkmodulus of
the gas component, km is that of the melt component, ΔP is the
pressure change, ΔVg is the volume change of bubbles, and ΔVm is the
volume change of melt and crystals.

The compressibility of magma βm is then obtained as the reci-
procal of the bulk modulus:

βm =
1
k

ð17Þ
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Host-rock properties
We estimated the elastic properties of the host rock from the seismic
velocities of P-waves and S-waves (VP, VS, respectively) retrieved
using travel-time tomography of natural earthquakes that occurred
during the ongoing unrest by Giacomuzzi et al.36. We used the seismic
velocity values of the upper 6 km of the crust at Campi Flegrei,
representative of the host rock crossed by feeder dykes and of the
upper plumbing system20, and assuming a conservative uncertainty of
10%. We have calculated the Poisson ratio v, based on the VP/VS ratio

33

given by:

v=

VP
VS

� �2
� 2

2 VP
VS

� �2
�

� 2Þ
ð18Þ

Where VP and VS are in m s−1.
The dynamic Young’smodulus Ed (modulus of elasticity, in Pa) has

been calculated using:

Ed = 2G 1 + vð Þ=2 1 + vð ÞρrV
2
S ð19Þ

where G is the shear modulus.
To estimate the host-rock bulk modulus Kr (or modulus of

incompressibility, in Pa), we considered that the infill of the caldera of
Campi Flegrei is mainly composed of tuffs, loose pyroclastic deposits,
hydrothermally altered rocks, and subordinately by thermo-
metamorphic rocks having a similar average density25,37,38,51,52,109 (Sup-
plementary Material). Hence, we used its mutual relationship with the
dynamic Young’s Modulus Ed as:

Kr =
Ed

3ð1� 2vÞ ð20Þ

The compressibility of host-rock βr is then obtained as the reci-
procal of the bulk modulus.

Ground deformation associated with a magma chamber
inflation
To estimate the ground deformation due to volume variation in the
magma chamber, we used the sill model of Fialko et al.70. The current
deformation, instead, is best fitted using the point-sourceMogimodel,
in agreement with Giudicepietro et al.28, assuming an elastic half-space
above the source. We used a Matlab script provided by Battaglia
et al.110, and employing the crustal characteristics of Campi Flegrei
calculated in this work (see “Results”).

Data availability
All data are available within the main text or the Supplementary
Materials.

References
1. Acocella, V., Di Lorenzo, R., Newhall, C. & Scandone, R. An over-

view of recent (1988 to 2014) caldera unrest: knowledge and
perspectives. Rev. Geophys.53, 896–955 (2015).

2. Bevilacqua, A. et al. Quantifying volcanic hazard at Campi Flegrei
caldera (Italy) with uncertainty assessment: 1. Vent openingmaps.
J. Geophys. Res. Solid Earth 120, 2309–2329 (2015).

3. Biggs, J. & Pritchard,M. E. Global volcanomonitoring: what does it
mean when volcanoes deform?. Elements 13, 17–22 (2017).

4. Gudmundsson, A. Rock Fractures in Geological Processes (Cam-
bridge University Press, 2011).

5. Browning, J., Drymoni, K. & Gudmundsson, A. Forecasting
magma-chamber rupture at Santorini volcano, Greece. Sci. Rep.
5, 15785 (2015).

6. Gudmundsson, A. Volcanotectonics: Understanding the Structure,
Deformation and Dynamics of Volcanoes (Cambridge University
Press, 2020).

7. Geshi, N., Browning, J. & Kusumoto, S. Magmatic overpressures,
volatile exsolution and potential explosivity of fissure eruptions
inferred via dike aspect ratios. Sci. Rep. 10, 9406 (2020).

8. Fernandez, G. et al. New constraints on the Middle-Late Pleisto-
cene Campi Flegrei explosive activity and Mediterranean
tephrostratigraphy (~ 160 ka and 110-90 ka).Quat. Sci. Rev. https://
doi.org/10.1016/j.quascirev.2024.108623 (2024).

9. Giaccio, B., Hajdas, I., Isaia, R., Deino, A. & Nomade, S. High-
precision 14C and 40Ar/39Ar dating of the Campanian Ignimbrite
(Y-5) reconciles the time-scales of climatic-cultural processes at
40 ka. Sci. Rep. 7, 45940 (2017).

10. Orsi, G., D’Antonio, M., de Vita, S. & Gallo, G. The Neapolitan
Yellow Tuff, a large-magnitude trachytic phreatoplinian eruption:
eruptive dynamics, magma withdrawal and caldera collapse. J.
Volcanol. Geotherm. Res. 53, 275–287 (1992).

11. Fernandez, G. et al. TheMaddaloni/X-6 eruption stands out as one
of the major events during the Late Pleistocene at Campi Flegrei.
Commun. Earth Environ. 6, 27 (2025).

12. Di Vito, M. A. et al. Volcanism and deformation since 12,000 years
at the Campi Flegrei caldera (Italy). J. Volcanol. Geotherm. Res. 91,
221–246 (1999).

13. Smith, V. C., Isaia, R. & Pearce, N. J. G. Tephrostratigraphy and
glass compositions of post-15 kyr Campi Flegrei eruptions: impli-
cations for eruption history and chronostratigraphic markers.
Quat. Sci. Rev. 30, 3638–3660 (2011).

14. Isaia, R., Marianelli, P. & Sbrana, A. Caldera unrest prior to intense
volcanism in Campi Flegrei (Italy) at 4.0 ka BP: implications for
caldera dynamics and future eruptive scenarios. Geophys. Res.
Lett. 36, 1–6 (2009).

15. Isaia, R. et al. High-resolution geological investigations to recon-
struct the long-termgroundmovements in the last 15 kyr at Campi
Flegrei caldera (southern Italy). J. Volcanol. Geotherm. Res. 385,
143–158 (2019).

16. Natale, J. et al. Integrated on-land-offshore stratigraphy of the
Campi Flegrei caldera: new insights into the volcano-tectonic
evolution in the last 15 kyr. Basin Res. 34, 855–882 (2022a).

17. Guidoboni, E. & Ciuccarelli, C. The Campi Flegrei caldera: histor-
ical revision and new data on seismic crises, bradyseisms, the
Monte Nuovo eruption and ensuing earthquakes (twelfth century
1582 AD). Bull. Volcanol. 73, 655–677 (2011).

18. Di Vito, M. A. et al. Magma transfer at Campi Flegrei caldera (Italy)
before the 1538 AD eruption. Sci. Rep. 6, 32245 (2016).

19. Trasatti, E. et al.Magma transfer atCampi Flegrei caldera (Italy) after
the 1538 AD eruption. Geophys. Res. Lett. 50, e2022GL102437
(2023).

20. Stock, M. J. et al. Tracking volatile behaviour in sub-volcanic
plumbingsystemsusingapatite andglass: Insights intopre-eruptive
processes at Campi Flegrei, Italy. J. Petrol. 59, 2463–2492 (2018).

21. Di Renzo, V. et al. The magmatic feeding system of the Campi
Flegrei caldera: architecture and temporal evolution.Chem. Geol.
281, 227–241 (2011).

22. Pappalardo, L. & Mastrolorenzo, G. Rapid differentiation in a sill-
like magma reservoir: a case study from the Campi Flegrei cal-
dera. Sci. Rep. 2, 712 (2012).

23. Buono, G. et al. New insights into the recent magma dynamics
under Campi Flegrei caldera (Italy) from petrological and geo-
chemical evidence. J.Geophys.Res. SolidEarth 127, e2021JB023773
(2022).

24. Arzilli, F., Piochi, M., Mormone, A., Agostini, C. & Carroll, M. R.
Constraining pre-eruptive magma conditions and unrest time-
scales during the Monte Nuovo eruption (1538 AD; Campi Flegrei,
Southern Italy): integrating textural and CSD results from

Article https://doi.org/10.1038/s41467-025-62636-7

Nature Communications |         (2025) 16:7658 11
Content courtesy of Springer Nature, terms of use apply. Rights reserved



experimental and natural trachy-phonolites. Bull. Volcanol. 78,
1–20 (2016).

25. Buono, G. et al. Weak crust owing past magmatic intrusions
beneath Campi Flegrei identified: the engine for bradyseismic
movements?. AGU Adv. 6, e2024AV001611 (2025).

26. Scotto di Uccio, F. et al. Delineation and fine-scale structure of
fault zones activated during the 2014–2024 unrest at the Campi
Flegrei caldera (Southern Italy) from high-precision earthquake
locations. Geophys. Res. Lett. 51, e2023GL107680 (2024).

27. Vitale, S. & Natale, J. Combined volcano-tectonic processes for
the drowning of the Roman western coastal settlements at Campi
Flegrei (southern Italy). Earth Planets Space 75, 38 (2023).

28. Giudicepietro, F. et al. First evidence of a geodetic anomaly in the
Campi Flegrei caldera (Italy) ground deformation pattern revealed
by DInSAR and GNSS measurements during the 2021–2023
escalating unrest phase. Int. J. Appl. Earth Obs. Geoinf. 132,
104060 (2024).

29. Giacomuzzi, G., Fonzetti, R., Govoni, A., DeGori, P. &Chiarabba, C.
Causal processes of shallow and deep seismicity at Campi Flegrei
caldera. Commun. Earth Environ. 6, 70 (2025).

30. Giudicepietro, F. et al. Burst-like swarms in the Campi Flegrei
caldera accelerating unrest from 2021 to 2024. Nat. Commun. 16,
1548 (2025).

31. Natale, J., Cascella, E. & Vitale, S. Tracking the growth and
deformation of fissure phreatomagmatic eruptions: insights from
the ~3.9 ka Nisida eruption at Campi Flegrei caldera. Geol. Soc.
Am. Bull. https://doi.org/10.1130/B38367.1 (2025).

32. Arienzo, I., Mazzeo, F. C., Moretti, R., Cavallo, A. & D’Antonio, M.
Open-systemmagmaevolution andfluid transfer at Campi Flegrei
caldera (Southern Italy) during the past 5 ka as revealed by geo-
chemical and isotopic data: the example of the Nisida eruption.
Chem. Geol. 427, 109–124 (2016).

33. Astort, A. et al. Tracking the 2007–2023 magma-driven unrest
at Campi Flegrei caldera (Italy). Commun. Earth Environ. 5, 506
(2024).

34. Caliro, S. et al. Escalation of caldera unrest indicated by increasing
emission of isotopically light sulfur.Nat. Geosci. 18, 167–174 (2025).

35. Zollo, A. et al. Seismic reflections reveal a massive melt layer
feeding Campi Flegrei caldera. Geophysi. Res. Lett. 35, L12306
(2008).

36. Giacomuzzi, G., Chiarabba, C., Bianco, F., DeGori, P. & Agostinetti,
N. P. Tracking transient changes in the plumbing system at Campi
Flegrei Caldera. Earth Planet. Sci. Lett. 637, 118744 (2024).

37. Rosi, M. & Sbrana, A. Phlegrean fields. Quaderni de la ricerca sci-
entifica 9, 1–171 (1987).

38. Piochi, M. et al. The volcanic and geothermally active Campi Fle-
grei caldera: an integrated multidisciplinary image of its buried
structure. Int. J. Earth Sci. 103, 401–421 (2014).

39. Roche, O. & Druitt, T. H. Onset of caldera collapse during ignim-
brite eruptions. Earth Planet. Sci. Lett. 191, 191–202 (2001).

40. Geshi, N., Ruch, J. & Acocella, V. Evaluating volumes for magma
chambers and magma withdrawn for caldera collapse. Earth Pla-
net. Sci. Lett. 396, 107–115 (2014).

41. Maccaferri, F., Bonafede,M.&Rivalta, E. Aquantitative studyof the
mechanisms governing dike propagation, dike arrest and sill for-
mation. J. Volcanol. Geotherm. Res. 208, 39–50 (2011).

42. Bower, S.M. &Woods, A.W. Control ofmagma volatile content and
chamber depth on the mass erupted during explosive volcanic
eruptions. J. Geophys. Res. Solid Earth 102, 10273–10290 (1997).

43. Huppert, H. E. & Woods, A. W. The role of volatiles in magma
chamber dynamics. Nature. 420, 493–495 (2002).

44. Voight, B. et al. Magma-sponge hypothesis and stratovolcanoes:
case for a compressible reservoir and quasi-steady deep influx at
Soufrière Hills Volcano, Montserrat. Geophys. Res. Lett. 37,
L00E05 (2010).

45. Huppert, H. E. & Woods, A. W. The role of volatiles in magma
chamber dynamics. Nature 420, 493–495 (2002).

46. Spera, F. Physical properties of magma. in Encyclopedia of Vol-
canoes (ed. Sigurdsson, H.) 171–190 (Academic, 2000).

47. Rivalta, E. & Segall, P. Magma compressibility and the missing
source for some dike intrusions. Geophys. Res. Lett. 35,
L04306 (2008).

48. Jaeger, J. C., Cook, N. G. W. & Zimmerman, R.W. Fundamentals of
Rock Mechanics 4th edn (Blackwell, 2007).

49. Forni, F., Degruyter, W., Bachmann, O., De Astis, G. & Mollo, S.
Long-term magmatic evolution reveals the beginning of a new
caldera cycle at Campi Flegrei. Sci. Adv. 4, eaat9401 (2018).

50. Gudmundsson, A. Magma chambers: formation, local stresses,
excess pressures, and compartments. J. Volcanol. Geotherm. Res.
237, 19–41 (2012).

51. Vanorio, T. & Kanitpanyacharoen,W. Rock physics of fibrous rocks
akin to Roman concrete explains uplifts at Campi Flegrei Caldera.
Science 349, 617–621 (2015).

52. Vanorio, T., Prasad, M., Patella, D. & Nur, A. Ultrasonic velocity
measurements in volcanic rocks: correlation with microtexture.
Geophys. J. Int. 149, 22–36 (2002).

53. Heap,M. J., Baud, P., Meredith, P. G., Vinciguerra, S. & Reuschlé, T.
The permeability and elastic moduli of tuff from Campi Flegrei,
Italy: implications for ground deformation modelling. Solid Earth
5, 25–44 (2014).

54. Di Traglia, F. et al. Multi-temporal InSAR, GNSS and seismic
measurements reveal the origin of the 2021 Vulcano Island (Italy)
Unrest. Geophys. Res. Lett. 50, e2023GL104952 (2023).

55. Vitale, S. & Isaia, R. Fractures and faults in volcanic rocks (Campi
Flegrei, southern Italy): insight into volcano-tectonic processes.
Int. J. Earth Sci. 103, 801–819 (2014).

56. Heap,M. J. et al. The tensile strength of volcanic rocks: experiments
and models. J. Volcanol. Geotherm. Res. 418, 107348 (2021).

57. Poland, M. P., Moats, W. P. & Fink, J. H. A model for radial dike
emplacement in composite cones based on observations from
Summer Coon volcano, Colorado, USA. Bull. Volcanol. 70,
861–875 (2008).

58. Natale, J., Vitale, S., Repola, L., Monti, L. & Isaia, R. Geomorphic
analysis of digital elevation model generated from vintage aerial
photographs: a glance at the pre-urbanization morphology of the
active Campi Flegrei caldera. Geomorphology 460, 109267
(2024).

59. Gudmundsson, A. Form and dimensions of dykes in eastern Ice-
land. Tectonophysics 95, 295–307 (1983).

60. Biswas, S. K., Mondal, T. K., Saha, A., Mukhopadhyay, A. K. &
Mukherjee, A. Estimating complete dyke dimensions from partial
exposures. J. Struct. Geol. 192, 105350 (2025).

61. Townsend, M., Huber, C., Degruyter, W. & Bachmann, O. Magma
chamber growth during intercaldera periods: insights from
thermo-mechanical modeling with applications to Laguna del
Maule, Campi Flegrei, Santorini, and Aso. Geochem. Geophys.
Geosyst.20, 1574–1591 (2019).

62. Gudmundsson, A. The mechanics of large volcanic eruptions.
Earth Sci. Rev. 163, 72–93 (2016).

63. Villarroel,M. et al. Reconcilingmechanicalmodels of caldera ring-
fault nucleation within the transcrustal magmatic system para-
digm. J. Volcanol. Geotherm. Res. 449, 108073 (2024).

64. Dzurisin, D. Volcano Deformation: New Geodetic Monitoring
Techniques (Springer, 2007).

65. Giordano, G. & Caricchi, L. Determining the state of activity of
transcrustal magmatic systems and their volcanoes. Annu. Rev.
Earth Planet. Sci. 50, 231–259 (2022).

66. Isaia, R. et al. 3Dmagnetotelluric imaging of a transcrustalmagma
system beneath the Campi Flegrei caldera, southern Italy. Com-
mun. Earth Environ. 6, 213 (2025).

Article https://doi.org/10.1038/s41467-025-62636-7

Nature Communications |         (2025) 16:7658 12
Content courtesy of Springer Nature, terms of use apply. Rights reserved



67. Takeuchi, S. Pre-eruptive magma viscosity: an important measure
of magma eruptibility. J. Geophys. Res. 116, B10201 (2011).

68. Liao, Y., Soule, S. A. & Jones, M. On the mechanical effects of
poroelastic crystal mush in classical magma chamber models. J.
Geophys. Res. Solid Earth 123, 9376–9406 (2018).

69. Mullet, B. & Segall, P. The surface deformation signature of a
transcrustal, crystal mush-dominant magma system. J. Geophys.
Res. Solid Earth 127, e2022JB024178 (2022).

70. Fialko, Y., Khazan, Y. & Simons, M. Deformation due to a pressur-
ized horizontal circular crack in an elastic half-space, with appli-
cations to volcano geodesy. Geophys. J. Int. 146, 181–190 (2001).

71. Amoruso, A., Crescentini, L. & Sabbetta, I. Paired deformation
sources of the Campi Flegrei caldera (Italy) required by recent
(1980–2010) deformation history. J. Geophys. Res. Solid Earth 119,
858–879 (2014).

72. De Martino, P., Dolce, M., Brandi, G., Scarpato, G. & Tammaro, U.
The ground deformation history of the neapolitan volcanic area
(Campi Flegrei caldera, Somma–Vesuvius Volcano, and Ischia
island) from 20 years of continuous GPS observations
(2000–2019). Remote Sens. 13, 2725 (2021).

73. Mogi, K. Relations between eruptions of various volcanoes and the
deformations of the ground surfaces around them. Bull. Earthq.
Res. Inst. Univ. Tokyo 36, 99–134 (1958).

74. Di Vito, M. A. et al. The Averno 2 fissure eruption: a recent small-
size explosive event at the Campi Flegrei Caldera (Italy). Bull.
Volcanol. 73, 295–320 (2011).

75. Pistolesi, M. et al. The Baia–Fondi di Baia eruption at Campi Flegrei:
stratigraphy and dynamics of a multi-stage caldera reactivation
event. Bull. Volcanol. 79, 1–18 (2017).

76. Natale, J. et al. Fault systems in the offshore sector of the Campi
Flegrei caldera (southern Italy): implications for nested caldera
structure, resurgent dome, and volcano-tectonic evolution. J.
Struct. Geol. 163, 104723 (2022b).

77. Paris, R. et al. Probabilistic hazard analysis for tsunamis generated
by subaqueous volcanic explosions in the Campi Flegrei caldera,
Italy. J. Volcanol. Geotherm. Res. 379, 106–116 (2019).

78. Kusumoto, S., Geshi, N. & Gudmundsson, A. Aspect ratios and
magma overpressures of non-feeder dikes observed in the
Miyake-jima volcano (Japan), and fracture toughness of its upper
part. Geophys. Res. Lett. 40, 1065–1068 (2013).

79. Natale, J. et al. The Taverna San Felice dike (NE of roccamonfina
volcano): unraveling magmatic intrusion processes and volcano-
tectonics in the tyrrhenian margin of the southern Apennines.
Geochem. Geophys. Geosyst. 24, e2023GC010994 (2023).

80. Biswas, S. K., Saha, K., Das, G.&Mondal, T. K. Estimation ofmagma
overpressure from partially exposed dykes—a new approach. J.
Struct. Geol. 168, 104822 (2023).

81. Valentine, G. A., Graettinger, A. H. & Sonder, I. Explosion depths for
phreatomagmatic eruptions. Geophys. Res. Lett. 41, 3045–3051
(2014).

82. Magee, C. & Jackson, C. A. L. Canwe relate the surface expression
of dike-induced normal faults to subsurface dike geometry?.
Geology 49, 366–371 (2021).

83. Fourmentraux, C., Métrich, N., Bertagnini, A. & Rosi, M. Crystal
fractionation, magma step ascent, and syn-eruptive mingling: the
Averno 2 eruption (Phlegraean Fields, Italy). Contrib. Mineral.
Petrol. 163, 1121–1137 (2012).

84. Astbury, R. L. et al. Tracking plumbing system dynamics at the
Campi Flegrei caldera, Italy: high-resolution trace element map-
ping of the Astroni crystal cargo. Lithos 318, 464–477 (2018).

85. Bevilacqua, A. et al. Radial interpolation of GPS and leveling data
of ground deformation in a resurgent caldera: application to
Campi Flegrei (Italy). J. Geod. 94, 1–27 (2020).

86. Lees, J. M. Seismic tomography ofmagmatic systems. J. Volcanol.
Geotherm. Res. 167, 37–56 (2007).

87. He, L., Guo, Z., Chen, Y. J., Huang,Q. &Yang,Y. Seismic imagingof
a magma chamber and melt recharge of the dormant Datong
volcanoes. Earth Space Sci. 8, e2021EA001931 (2021).

88. Bennington, N. et al. The progression of basaltic–rhyolitic melt
storage at Yellowstone Caldera. Nature 637, 97–102 (2025).

89. Weber, G., Biggs, J. & Annen, C. Distinct patterns of volcano
deformation for hot and cold magmatic systems. Nat. Commun.
16, 532 (2025).

90. Carbotte, S.M. et al. Stacked sills forming a deepmelt-mush feeder
conduit beneath Axial Seamount. Geology 48, 693–697 (2020).

91. Amoruso, A., Crescentini, L., D’Antonio, M. & Acocella, V. Ther-
mally-assisted Magma Emplacement Explains Restless Calderas.
Sci. Rep. 7, 7948 (2017).

92. Amstutz, F. M. et al. Volcano-tectonic controls on magmatic
evolution at Campi Flegrei, Italy: insights from thermodynamic
modelling. J. Petrol. egaf068. https://doi.org/10.1093/petrology/
egaf068 (2025).

93. Bachmann, O. & Bergantz, G. W. Gas percolation in upper-crustal
silicic crystal mushes as a mechanism for upward heat advection
and rejuvenation of near-solidus magma bodies. J. Volcanol.
Geotherm. Res. 149, 85–102 (2006).

94. Selva, J. et al. A simple two-state model interprets temporal
modulations in eruptive activity and enhances multivolcano
hazard quantification. Sci. Adv. 8, eabq4415 (2022).

95. Natale, J., Vitale, S. & Isaia, R. Simultaneous normal and reverse
faulting in reactivating caldera faults: a detailed field structural
analysis from Campi Flegrei (southern Italy). J. Struct. Geol. 181,
105109 (2024).

96. Natale, J., Ferranti, L., Marino, C. & Sacchi, M. Resurgent dome
faults in the offshore of the Campi Flegrei caldera (Pozzuoli Bay,
Campania): preliminary results from high-resolution seismic
reflection profiles. Boll. Geofis. Teor. Appl. 61, 333–342 (2020).

97. Isaia, R. et al. Volcano-tectonic setting of the Pisciarelli fumarole
field, Campi Flegrei caldera, southern Italy: insights into fluid
circulation patterns and hazard scenarios. Tectonics 40,
e2020TC006227 (2021).

98. Pistolesi, M. et al. Simultaneous eruptions from multiple vents at
Campi Flegrei (Italy) highlight neweruption processes at calderas.
Geology 44, 487–490 (2016).

99. Stock, M. J., Humphreys, M. C., Smith, V. C., Isaia, R. & Pyle, D. M.
Late-stage volatile saturation as a potential trigger for explosive
volcanic eruptions. Nat. Geosci. 9, 249–254 (2016).

100. Pappalardo, L. & Buono, G. Insights into processes and timescales
of magma storage and ascent from textural and geochemical
investigations: case studies from high-risk Neapolitan Volcanoes
(Italy). In Crustal Magmatic System Evolution: Anatomy, Archi-
tecture, and Physico-Chemical Processes (eds. Masotta, M., Beier,
C. & Mollo, S.) 213–235 (American Geophysical Union, 2021).

101. De Landro, G. et al. 3D structure and dynamics of Campi Flegrei
enhance multi-hazard assessment. Nat. Commun. 16, 1–12 (2025).

102. Edmonds, M., Cashman, K. V., Holness, M. & Jackson, M. Archi-
tecture anddynamics ofmagma reservoirs.Philos. Trans. R. Soc. A
377, 20180298 (2019).

103. Druitt, T. H., Costa, F., Deloule, E., Dungan, M. & Scaillet, B. Dec-
adal to monthly timescales of magma transfer and reservoir
growth at a caldera volcano. Nature 482, 77–80 (2012).

104. Trippanera, D., Ruch, J., Acocella, V. & Rivalta, E. Experiments of
dike-induced deformation: insights on the long-term evolution of
divergent plate boundaries. J. Geophys. Res. Solid Earth 120,
6913–6942 (2015).

105. Rubin, A. M. Dike-induced faulting and graben subsidence in
volcanic rift zones. J. Geophys. Res. 97, 1839–1858 (1992).

106. Magee, C. et al. Quantifying dyke-induced graben and dyke
structure using 3D seismic reflection data and the role of inter-
pretation bias. Tektonika 1, 32–53 (2023).

Article https://doi.org/10.1038/s41467-025-62636-7

Nature Communications |         (2025) 16:7658 13
Content courtesy of Springer Nature, terms of use apply. Rights reserved



107. Pollard, D. D., Delaney, P. T., Duffield,W. A., Endo, E. T. &Okamura,
A. T. Surfacedeformation in volcanic rift zones. inDevelopments in
Geotectonics, (eds. Morgan, P. & Baker, B. H.) Vol. 19, 541–584
(Elsevier, 1983).

108. Iacovino, K. & Till, C. B. DensityX: a program for calculating the
densities ofmagmatic liquids up to 1,627 C and 30 kbar. Volcanica
2, 1–10 (2019).

109. Vanorio, T., Virieux, J., Capuano, P. & Russo, G. Three-dimensional
seismic tomography from P wave and S wave microearthquake
travel times and rock physics characterization of the Campi Fle-
grei Caldera. J. Geophys. Res. Solid Earth 110, B03201 (2005).

110. Battaglia, M., Cervelli, P. F. & Murray, J. R. dMODELS: a MATLAB
software package for modeling crustal deformation near active
faults and volcanic centers. J. Volcanol. Geotherm. Res. 254,
1–4 (2013).

Acknowledgements
Dr. Enrico Cascella is acknowledged for his help in the field, fruitful
discussions and relentless support. J.N. wishes to dedicate this work to
the memory of Fabio Carmine Mazzeo. Agust Gudmundsson, John
Browning and Nobuo Geshi are acknowledged for their inspiring works.
Prof. Daniele Morgavi, Prof. M.W. Hamburger, Prof. Olivier Bachmann
and Dr. Giada Fernandez are acknowledged for useful discussions. This
work has received financial support by the “Multi-Risk science for resi-
lienT commUnities undeRachangiNgclimate” (RETURN)project, funded
by the European Union’s NextGenerationEU and the Italian Ministry of
University and Research (MUR) under the National Recovery and Resi-
lience Plan (NRRP; Project Code PE0000005; CUP:
H93C22000610002) received by J.N.

Author contributions
Conceptualization: J.N.; Methodology: J.N. and S.V.; Investigation: J.N.
and S.V.; Visualization: J.N. and S.V.; Supervision: S.V.; Writing—original
draft: J.N. and S.V.; Writing—review and editing: J.N. and S.V.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-62636-7.

Correspondence and requests for materials should be addressed to
Jacopo Natale.

Peer review information Nature Communications thanks Federico Di
Traglia and the other, anonymous, reviewer for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-62636-7

Nature Communications |         (2025) 16:7658 14
Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

