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Tracking the 2007-2023 magma-driven
unrest at Campi Flegrei caldera (Italy)
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Understanding and managing unrest at a volcano include i) ascertaining the magmatic distribution and
migration, and ii) tracking the evolution of the shallow plumbing system. Here we use multi-technique
geodetic data, mechanical models, and petrological simulations to define both aspects for the
ongoing (2005-present) unrest at Campi Flegrei caldera, ltaly. Results show a deformation source
exhibiting progressive widening and shallowing, from 5.9 to 3.9 kilometres. Concurrently, a deeper
tabular source at 8 km depth experiences limited but constant deflation. Petrological calculations
explain inflation of the shallower source resulting from the rise of 0.06 to 0.22 cubic kilometres of
magma from depth >8 kilometres. Our analysis provides strong evidence that magma ascent to depths
shallower than 8 kilometres is the ultimate driver behind the ongoing unrest. This merging of geodetic
and petrological approaches to track the evolution of a plumbing system better constrains magma

ascent at volcanoes experiencing unrest.

In order to properly assess the probability to have an eruption during unrest
at a volcano, it is imperative to ascertain the distribution of magma in the
shallow plumbing system, as well as to track its migration'. Critical obser-
vables include the depth and size of the melt pockets, as well as their relative
magma transfer, with the ultimate aim to promptly recognize any rise of
shallow magma towards the surface’. Such monitoring becomes particularly
important for long-lasting unrest episodes at volcanoes in densely inhabited
areas. Here the unrest should be monitored to timely track the evolution of
the shallow plumbing system responsible for unrest. A commonly mon-
itored feature is the deformation of the volcano at the surface. This may be
ascribed to variations in the pressure of the source(s) below’. In this frame,
geodetic data are collected and inverted to define the location and size of the
deformation source(s). A common limitation of this approach resides in the
unknown nature of the pressure source, usually assuming that deeper
sources are magmatic, and shallower are hydrothermal. In some cases, a
source may exhibit intermediate depths (3-4km) that may be poorly
diagnosed. This is the case of the Campi Flegrei (CF) caldera, Italy (Fig. 1),
whose main source responsible for the recent and ongoing unrest episodes
has been inferred to lie at intermediate depths, raising contrasting
hypotheses on its magmatic or hydrothermal nature*"*. Here, we attempt to
better constrain the nature of the shallow source at CF by merging geodetic
and numerical modelling studies with petrological calculations.

After the last 1538 CE eruption, recent activity at CF culminated in
three unrest episodes in the 20th century between 1950-1952, 1969-1972,

and 1982-1984, involving uplift in the central part of the caldera (Pozzuoli
area) of ~0.7, ~1.7, and ~1.8 m, respectively'*'*. The caldera has been then
slowly uplifting at increasing rates since 2005, as documented by the GNSS
network'“'® and InSAR (Interferometric Synthetic Aperture Radar)
analysis”’. From 2005 to December 2023, the cumulative uplift reached
119+ 03 cm at Pozzuoli’® (Fig. 1c). During the 1982-84 unrest, CF
experienced more than 16.000 earthquakes”. From 1984 to 2005, rare
seismic events took place. The caldera reawakening in 2005 was accom-
panied by low rates of seismicity (Fig. 1a, c). This then became progressively
more intense'****”. In particular, in 2012 a seismic swarm took place, and
since 2014 the seismicity rate increased nearly exponentially (Fig. 1c),
ultimately challenging the Italian Civil Protection™ on a seismic crisis
involving also a few Md > 3.5 events at depth <3 km since February 2023,
peaking in August-October 2023.

CF is also characterized by a hydrothermal system, undergoing a
considerable increase in degassing rates up to ktons/day and changes in the
geochemistry in the Solfatara-Pisciarelli fumarolic field, 2km NE from
Pozzuoli** . The spatial and temporal changes in the seismicity patterns
have been interpreted as due to magmatic fluid circulation and permeability
increase within the hydrothermal system'***”, overall regulated by the high
temperature of the crustal rocks and CO, emissions'****’. Petrological and
geochemical analyses'*'"* attribute a large amount of the gas emitted during
the unrest to originate from the deep magmatic system located at depths
> 8 km, in accordance with the evidence of a layer with 80-90% melt at
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about 7.5 km’'. The repeated unrest episodes have been suggested to have
modified the thermal and rheological behaviour of the crust at CF, evolving
towards conditions more favourable for eruption'****,

Different periods of the ongoing unrest have been investigated
exploiting geodetic data and modelling™*****. Although there are differences
in the adopted modelling techniques, obtained source depths and retrieved
volumes, all models agree that the main source of surface deformation is
located at depth > 3 km. Above this depth, there is alow Vp and high Vp/Vs
zone, identified as a fractured volume affected by hydrothermal
circulation”"*’. Most of the models also agree that the source has sill-like
shape (penny-shaped crack or oblate spheroid). However, the assumption of
a homogeneous or heterogeneous medium at CF caldera generates variable
modelled depths for the source (~2.5 to 3 km in the homogeneous case and
3.6 to ~5 km in the heterogeneous case). The activity of a deeper (= 8 km
depth) reservoir on the deformation has been seldom investigated, although
it has been argued that magma accumulation at a depth > 7 km contributes
to the observed caldera deformation since 2015 at least™. Other studies show
that the transfer of magma from the deeper reservoir to a shallower
source was not fully constrained for the 2011-2013 period’, even though
strongly suspected for the 1982-84 unrest. Historical and archaeological
records have also highlighted the pressurization of this deeper reservoir
before and after the last 1538 eruption*"**.

As anticipated, the mechanisms driving the ongoing unrest at CF are
still debated. From multidisciplinary geophysical and geochemical studies,
there is a general agreement in considering the deeper source at 8 km depth
of magmatic origin'"*"***. However, the magmatic or hydrothermal nature
of the shallower deformation source at approximately 4 km, and its rela-
tionship with the deep plumbing system, has remained unclear so far*'***”.
Ongoing uplift has been attributed either to magma intrusion, fluid
migration or perturbation in the pressure and temperature conditions of the
hydrothermal system, possibly caused by degassing from a crustal magma
chamber. A recent 4D tomography corroborates the hypothesis of a two-
source plumbing system below the centre of the caldera, identifying a
4.5-5km deep magmatic body since 2019*. Understanding the nature of
the current unrest is paramount for evaluating its potential for any eruption.

This work aims at better constraining the ongoing unrest at CF, in
terms of location, size evolution and nature of the involved sources. To this
aim, we consider different sets of geodetic data, including inland and off-
shore GNSS networks and SAR images on the ongoing unrest, defining
seven intervals in the non-linear trend of uplift from 2007 to 2023. Taking
advantage of the FEM (Finite Element Method), we account for the elastic
structure of the local crust, as inferred by merging active and passive seismic
tomographies. The model of the plumbing system consists of a shallower
and a deeper source. The shallower source shape is not fixed a priori, but
obtained by its implicit representation as a moment tensor, while the deeper
reservoir is fixed at 8 km. Once we retrieve their variations in volume and
location (the latter only for the shallower source), we perform petrological
simulations of mass balance to constrain their nature and mass transfer.
These models suggest that realistic scenarios should account for magma
ascent from the deeper reservoir, associated with degassing and outgassing.

Results and discussion

Geodetic data time-series

Our analysis begins in 2007, when noticeable deformation rates started. The
GNSS data and the multi-temporal InSAR analysis results of the ENVISAT
(2007-2011) and COSMO-SkyMed (2011-2023) satellite missions show an
increasing rate of uplift at the caldera centre (Fig. 2). The consistence
between the GNSS and InSAR data cross-validates the inflation pattern'’.
The affected area presents a nearly radial deformation pattern with the
maximum displacement focused near the GNSS RITE station, in the caldera
centre. The available GNSS seafloor displacements during 2017-2020*
show that the radial pattern extends also to the submerged part of the caldera
(Fig. 2¢, d). The vertical displacement from 2007 to 2023 culminates with
117 cm at RITE, to decrease radially outwards and approach negligible
values along the caldera boundary (Fig. 2). Based on the first-order dis-
placement variations in the time series of RITE (Fig. 2e), seven time intervals
are identified: 2007-2011 (T1), 2011-2013 (T2), 2013-2015 (T3),
2015-2017 (T4), 2017-2020 (T5), 2020-2022 (T6), and 2022-2023 (T7). A
general increase of the mean displacement rate is evidenced throughout
these intervals, even if second-order fluctuations are present. Particularly, at
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Fig. 2 | Geodetic data during 2007-2023. a, b East- 1472 14°13'E 1472'E 14713E
West and vertical cumulated displacements, - [al
respectively, obtained combining InSAR ENVISAT 3 I
ascending and descending data (2007-2011) and "g’ 2
COSMO-SkyMed ascending and descending data y z
(2011-2023). ¢, d Horizontal and vertical GNSS
cumulated displacements, respectively, separating
seven time periods during 2007-2023. e Vertical
displacement time series measured at RITE (black
dots) and projected vertical time series from
ENVISAT and COSMO-SkyMed datasets (lilac
dots). The vertical bars identify the seven time per-
iods used in the study.
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the RITE station the mean vertical ground velocities for each interval are:
1.1 +0.4 cm/yrinT1;5.8 £ 0.7 cm/yr in T2;2.3 + 0.7 cm/yr in T3 (this lower
value is attributable to the plateau at the beginning of 2013); 7.6 + 0.7 cm/yr
in T4,9.1 £0.1 cm/yr in T5; 15.2 £ 0.7 cm/yr in T6; and 15.9 + 0.7 cm/yr in
T7. Accordingly, the InSAR ENVISAT and COSMO-SkyMed analysis
results with the GNSS data have been spliced based on the seven intervals
(details in the Supplementary Table 1). T5 includes the seafloor deformation
measurements from 2017 to 2020".

FEM modelling of the deformation

The source modelling of the mean ground velocities of the seven periods
identified from the GNSS and InSAR data is based on the FEM. The
numerical model is purely elastic and accounts for the local heterogeneous
elastic structure down to 5 km depth (Methods, and Fig. 3). The 3D elastic
structure of CF is calculated from two tomographies with different spatial
resolutions®”’. The plumbing system consists of a shallower source, whose
shape is not fixed a-priori, and a caldera-wide deeper reservoir lying at 8 km
depth (Methods, and Fig. 3). The two-step inverse method performs a
Bayesian inference™**~*" on the geodetic velocities during each spliced time
window. It retrieves the optimal element-source representing the shallower

source, the intensity of the three orthogonal dipoles applied to it (possibly
describing a triaxial ellipsoidal cavity****~') and also the overpressure
within the deeper source. The 1D and 2D marginal distributions of the
parameters in the seven analysed periods are shown in the Supplementary
Figs. 1-9. Although the generalisation of the shallower deformation source
in terms of stress tensor is likely subject to multiple global minima, con-
sidering only the three diagonal components approach, avoiding the off-
diagonal components, helps retrieve unimodal distributions in most cases.

The mean parameters obtained with the inversions are reported in the
Supplementary Table 2, while the source parameters (e.g., axes ratios and
volume variations), calculated after further analysis of the inversion results
(Methods), are reported in Table 1. A linear rate is assumed for each time
period and for all modelled quantities (e.g., stress and volume variation). A
summary of the two-source plumbing system associated during the time
periods considered, based on the results in Table 1, is reported in Fig. 4,
including the related seismicity. The latter concentrates above the shallower
source and to the NE of the sources centre projections. The shallower source
shows two main characteristics: i) it shallows from 2007 to 2015, reaching a
stable depth from 2015 to 2023; ii) it grows alternating horizontal widening
and overall volumetric increase from 2007 to 2015, followed by only
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Fig. 3 | 3D FEM modelling of the CF caldera. a Full extension of the FEM com-
putational domain. b Detail in the centre of the finite element grid, showing the 1000
potential shallow element-sources (orange volume) and the deep reservoir (white
square). The coastline of CF is superimposed in light blue. ¢ View from south of a

E-W profile passing through the centre of the caldera, showing the rigidity dis-
tribution within the FEM domain. The vertical section shows the volume of the
potential element-sources with white lines.

Table 1 | Characteristics of the retrieved sources

2 Time window ° Depth (km) b/a bc/a > AV/At (10°m®/yr) > AV (10° md) >V, (10°m?) © AVYeP/At (10° m*/yr) © AVYeeP (10° m)
T 5.9+0.6 0.62 0.56 1.4+0.2 4.4+0.7 100+0 —0.05+0.03 —0.16+0.12
T2 55+0.2 0.99 0.001 5.0+04 11.6+0.9 104 +1 —0.46 £0.03 —1.10+0.06
T3 5.1+0.6 0.77 0.68 29+0.3 5.6+0.6 116+2 —0.20+0.03 —0.40 +0.06
T4 3.9+0.2 0.34 0.20 45+0.5 9.0+1.0 122+2 —0.16 £0.03 —0.34 +0.06
T5 3.9+0.2 0.97 0.61 2.8+04 82+1.2 1313 —0.08 +0.03 —0.25+0.09
T6 3.9+0.2 0.76 0.68 59+05 12.3+1.1 139+5 —0.57 +£0.03 —1.20+0.06
T7 3.9+0.2 0.74 0.69 8.7+0.7 10.4+0.8 151+6 —1.06 +0.03 —1.32+0.03
Final 61.6+6 162+ 6 —4.81+0.48

*T1: 2007-2011; T2: 2011-2013; T3: 2013-2015; T4: 2015-2017; T5: 2017-2020, T6: 2020-2022, T7: 2022-2023.
Shallower source (source depth, ellipsoid’s axes ratios with semi-axes ¢ < b < a, volume V,, volume variation AV).

“Volume variation of the deep source.

volumetric expansion as a thick ellipsoid from 2015 to 2023 (Table 1 and
Fig. 4). Between 2007-2011, the deformation source is located at
59+ 0.6 km depth. It becomes shallower during the following years, at
5.5+ 0.2km during T2, 5.1 + 0.6 km during T3, and finally 3.9 £ 0.2 km
during T4-T7. T1 and T3 present higher uncertainty on the source depth,
and therefore are the less constrained inversions. This is due to the limited
deformation taking place at the beginning of the unrest (< 1.1 cm/yr in T1)
and the low signals characterizing T3 ( < 2.3 cm/yr), in both cases leading to
a low signal-to-noise ratio and therefore to a wider ensemble of similarly
fitting models. The interpretation of the source shape, based on the ratios
among the retrieved dipoles, highlights a triaxial ellipsoid, except for
T2 (Supplementary Fig. 9). Indeed, T1 and T3-T7 fall into the area of
possible ellipsoids of different shapes. From the analysis of the dipole
orders and ratios, the minor axis ¢ is vertical, while the major axis 4, is
oriented along E-W, and b is oriented along N-S (except for T7, in which
the N-S and vertical axes are switched). In T1 the ellipsoid has an aspect ratio
of about 0.5-0.6 along the N-S and vertical axes, representing an E-W
oriented prolate spheroid. The source for T2 is the only non-ellipsoidal one.
Itis very close to that retrieved for the same period, 2011-2013, using similar
data but a 6-component moment tensor from different FEM solutions®. The
study” interpreted the shallower source in terms of a sill-like source subject

also to shear stress, likely at the sill tips, due to its expansion. In the present
study, the shallow source is interpreted as a collapsed ellipsoid with
negligible vertical thickness with respect to the width. It can be noted that the
time series in T2 (2011-2013) show a velocity change in 2012 (Fig. 2e), but
the models related to 2011-2012 and 2012-2013 separately are similar
to those considering the whole period 2011-2013°. In T3, the
ellipsoid corresponds to a nearly spheroidal source with aspect ratios b/a
and ¢/a of 0.7-0.8. In T4, the ellipsoid is a thin spheroid with aspect ratio
of 0.2-0.3, with E-W oriented major axis. In T5, the source shape is a thick
sill, or oblate spheroid, being the axes ratios 1 and 0.6. In the last two periods,
T6 and T7, the ellipsoids are nearly spheroidal with aspect ratios similar
to T3. The volume variation rates of the shallower source span
from 14x10°m’yr in T1 to a maximum of 83x10°m’yr in T7
(Fig. 5 and Table 1). The source volume increases from 0.1 km’ in 2007
to 0.16 km® in 2023, with a net increase of more than 60 million m® in 16
years. The overpressures rates are lower than 100 MPa/yr (Supple-
mentary Table 3), except those associated to T3, T6, and T7 >50 MPa/yr.
These values should be considered upper bounds since thermal
gradients and/or viscoelastic rheology, not accounted in the modelling,
would cause their reduction®***. This, in turn, would reduce the volume
change estimates.
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Fig. 4 | Source interpretation from the FEM
modelling results from 2007 to 2023. a-g From T1
(a, top left) to T7 (g, bottom right): scaled sketches of
the two-source plumbing system of CF from 2007 to
2023. The InSAR descending velocity dataset of each
period is superimposed (from -1 cm/yr in blue to
12 cm/yr in red), while the seismicity is shown with
black dots. The shallower source dimension is
increased by a factor 2.
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The deeper source shows limited but persistent deflation through time.
Its action is constrained by the inversions from T1 to T7, in which it
alternates periods of pressure of —10° Pa/yr to —10* Pa/yr (Supplementary
Table 2) over its area of 100 km’. By numerical integration of the closure on
the tabular source surfaces, the resulting volume variation rate is of the order
of —10*m’/yr to —10°m’/yr (Fig. 5 and Table 1). During T7 the total
volume variation is the largest, corresponding to —1.3 x 10° m®in 1.25 years.
The cumulative volume variation of the deep source over the 16 years
amounts to approximately —5 million m’.

Comparisons between observed and modelled InSAR and GNSS data
are reported in the Supplementary Figs. 10-11. The residuals show that most
of the deformation, both in the near- and far-field, is reproduced and there is
no evidence of trends and patterns persisting in the residuals of the three
datasets employed in each period, although there are differences in the misfit
values (Supplementary Table 2). Even if the number of data points for each
period is of the same order (3000-3600 InSAR ascending/descending
subsampled data and 14-23 GNSS benchmarks), the signal-to-noise ratio
changes, leading to different orders of misfits, despite residuals of the same
order in all cases. More interestingly, the signal-to-noise ratio and the misfit
obtained by the inversions can be compared. A measure of the signal-to-
noise ratio is given by the reduced chi-square of the data vs the uncer-
tainty associated, without the model included in the computation™. The

reduction of this ratio with the inversions (considering the misfit, i.e., the
reduced chi-square, as in the Supplementary Table 2) is as follows: in T1
amounts to 75%, in T2 89%, in T3 90%, in T4 96%, in T5 97%, and in T6 and
T7 99.7%. The lowest value in T1 depends on the low initial signal-to-noise
ratio of the dataset; a similar consideration applies to T3, and for T2 it results
from the aforementioned shear component not fully reproduced by the
modelling.

Temporal evolution of the pressure sources

Figure 4 summarizes the sources’ shape and position, and the associated
seismicity, for each considered period. The beginning of our analysis in 2007
is associated with low seismicity and the shallower source is a horizontal
spheroid, at 5.9 km below Pozzuoli. In the next period, T2, the dipoles
solutions lay outside the area of possible ellipsoids; because of this uncer-
tainty, the source is here interpreted as sill-like, similarly to previous
studies' ™. This period was also characterised by renewed seismicity, with a
seismic swarm with more than 180 low-magnitude earthquakes in Sep-
tember 2012. At the time, this was the largest swarm since the end of the
1982-84 unrest’". Therefore, we interpret T2 resulting from the activity of a
volumetric deformation source and an unlocalized shear component that
can be associated with the seismicity recorded during 2011-2013. In T3, the
source’s depth is 5.1 km, with a thicker shape that subsequently shrunk in
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Fig. 5 | Volume variation of the shallower and deeper sources for the periods T1-T7. a Volume variation rate, b volume variation, and ¢ absolute volume of the shallower

source. d Volume variation rate of the deeper source.

the north and vertical directions in T4. Since T4 to the end of our analysis
(2015-2023), the source depth, 3.9 km, remains constant. The source, a
thick oblate horizontal spheroid in T5 and an E-W elongated spher-
oid during T6 and T7, is surrounded and topped by the hypocentres. We
point out that the shallowing of this source is a persistent feature observed
also in preliminary inversions employing a spheroid with fixed shape (b/
a=0.7 and a =800 m) in a homogeneous medium, and in FEMs without
the deep source.

A volume variation rate of about 3 x 10° m*/yr during 2015-2022 was
found previously for the shallower source™; it is close to the
4.4 +0.5 x 10°m’/yr obtained on average during T4-T6. Our inversions
quantified the source volume variations, considering the initial volume of
the shallower source in 2007 was equal to 0.1 km’. This initial volume was
estimated as a residual of the unrest episodes of the previous century (see
Methods). The initial 0.1 km’ volume and all the ensuing finite volumes in
Table 1 can be considered as minimum estimates. Indeed, there are simi-
larities between the past and recent plumbing systems, e.g., during the pre-
and post- eruptive phases of the Monte Nuovo eruption of 1538 CE*"**, that
may have left a larger residual deformation source. Also, the volumes cal-
culated are proportional to the initial volume, so the results would change
proportionally to the change in the initial volume.

The deeper source, located at 8 km, is deflating during the whole
2007-2023 period by about 10°~10° m*/yr, which is one order of magnitude
lower than the shallower source volumetric inflation. In terms of time trend,
the deeper source shows a behaviour similar to the shallower source. Indeed,
when the volume variation rate is the least for the shallower source (T1, T3

and T5), it is also minimum (in absolute) for the deeper one. In T2, T6 and
T7 we observe an increase of the volume variation rate in both sources (in
absolute for the deeper one). The negative volume variation of the deep
source is in accordance with previous findings* and the evidence of massive
degassing from depths > 8 km'*""*. It should be noted that, given the lower
volume variation of the deeper source with respect to the inflating shallower
one, the impact of the deeper source on the surface deformation may be not
easily detectable (e.g., Supplementary Fig. 12). For this reason, it has been
often neglected in previous studies***. Recently, the deep volume variation
has been also constrained as positive’. This difference in the sign of the
deeper source pressurization may be explained by the different data
employed (Sentinel-1 instead of COSMO-SkyMed), having different
resolving power and processing, different modelling methodology and
different number and type of deformation sources. Albeit not questioning
previous results, here we propose an alternative two-source plumbing sys-
tem model for CF, in accordance with geophysical and geochemical
indications'*"****. In the petrologic calculations that follow, we demon-
strate that the minor negative variation of the deeper source should be
considered as a net in/out value.

The FEM model is heterogeneous down to 5 km depth. Since the deep
source is in the homogeneous medium, this may be influencing model
predictions in terms of the resulting spatial distribution of stress and
deformation. Also, time-dependent inelastic rheologies may affect the
deformation pattern. Considering the 16-year time window of our study and
assuming typical crustal viscosities (10'*~10""Pas), this period appears
compatible with the manifestation of viscoelastic regimes™. The viscoelastic
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behaviour could play a role and modify our estimates, e.g., changing tem-
poral stress/strain/deformation patterns, and lowering the volume varia-
tions and the overpressure estimates. Finally, the high amount of melt of the
deeper source”' does not encourage the use of poro-elastic models, assuming
that the high melt percentual has been kept through the years"*".

Crustal deformation and seismicity

The epicentres associated with the ongoing unrest show an annular dis-
tribution, centred approximately slightly south of Pozzuoli (Fig. 1a), with
more intense seismic rates below the Solfatara area. The seismic events are
located mostly above 3 km depth, in the hydrothermal system, with only a
minor cluster offshore, at ~4 km depth. Our retrieved shallow deformation
source rises from 5.9 + 0.6 km in 2007-2011 to 3.9 = 0.2 km in 2015-2023,
always lying immediately below (or partly to the side) of the hypo-
centres (Fig. 4).

It has been argued that the continuous activity of the deformation
source (mainly the shallower one) during the ongoing unrest is not only
measurable at the surface in terms of ground displacement, but it has also
induced a permanent stress/strain state in the local crust™”’. Here we test
this hypothesis by investigating the relation between the stress and strain
regime of the CF crust induced by the 16-year-long unrest, as constrained by
the retrieved pressure sources, and the distribution of overlying seismicity.
We consider the equivalent strain ¢ (i.e., the second invariant of the strain)
as a scalar measure of the crustal volumes more susceptible to failure’ in the
seven analysed periods. Our model is purely elastic, and the simulations are
ruled only by geodetic constraints. Two representative crustal levels have
been considered, at 700 m and 1400 m (Fig. 6), while two others at 1050 m
and 2000 m are reported in Supplementary Figs. 13-14. Results show that
the strain distribution from our simulations: i) has an annular pattern, with
local minimum above the source centre projection (dark orange to red in the
center); ii) has the highest strain concentration at a horizontal distance of
about 1500-2000 m NE from the source centre projection; iii) decays rapidly
at 3km distance. Moreover, the absolute maximum strain values during
each period and at both considered depths are located below the Solfatara
area, or between the Solfatara and the coast. Our results show that the 3D
elastic structure inferred by the tomographies, and the non-axisymmetric

shape of the shallow source of the FEM model play a role in governing the
observed patterns of the seismicity, especially since 2015 (from T4 on).
These results are in agreement with the actual features of the overall seis-
micity pattern observed in the ongoing unrest, as illustrated in Figs. 1 and 6.
Therefore, the location and evolution of the seismicity show a direct link
with the pressurization of the plumbing system during 2007-2023.

Petrological constraints: Evidence of magma and gas ascent at
Campi Flegrei
Our modelling results show that from 2007 to 2023 the deep source deflated
by a volume of about one order of magnitude lower than the inflation of the
shallow source (10°~10° m*/yr versus 10°m®/yr). In principle, one may
expect some relationship between the mass lost in the deeper reservoir and
that gained in the shallower one, involving transfer from one reservoir to the
other. Here we combine geodetic observations with petrological calculations
(details in the Methods) to provide first order estimates of volumetric var-
iations associated with different magmatic processes and thus test the
plausibility of different scenarios related to the ongoing unrest (Fig. 7).
Different hypotheses can be formulated regarding the processes con-
trolling any link between shallower inflation and deeper deflation. In this
context, it is especially important to determine whether the observed
behaviours can be explained exclusively by the migration of fluids, or if
magma ascent contributes to the observed inflation of the shallow source.
Considering the inflation at shallow depth, we examine different scenarios
(Fig. 7): A) the transfer of a volume of only volatiles equivalent to the
observed deflation from the deeper to the shallower source; B) the transfer,
from one reservoir to the other, of a volume of both volatiles and magma
equivalent to the observed deflation; C) exsolution of volatiles at shallow
depth associated with cooling and magma crystallization; D) magma
ascending, degassing and releasing excess fluids (i.e., outgassing) at some
depth above the deeper source; E) established connection between the
deeper magma reservoir (>8 km) and the shallower source, involving the
transfer of magma up to 4 km depth. These scenarios are discussed below,
considering that the volume variation retrieved from the geodetic inversions
is a minimum estimate, because of the compressibility of the fluids exsolved
from the rising magma™.

Fig. 6 | Equivalent strain distribution in the crust
and associated seismicity for the seven investi-
gated periods. Contours are the equivalent strain &”
(107°). The dark grey circles are the seismic events at
700 m and 1400 m, with a buffer of 160 m. In white
the coastline and the Solfatara perimeter.
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Fig. 7 | Schematic representation of the scenarios considered to potentially
account for the geodetic measurements. A-E are the corresponding scenarios
described in the main text, and the associated calculations are reported in the
Methods. A Magmatic fluids are released from the magma at 8 km depth, rising and
expanding following the decreasing confining pressure. B A volume of magma
(containing silicate melt and excess fluids) equivalent to the deflation measured at
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8 km depth rises directly to 4 km depth. C Previous magma at 4 km depth cools and
crystallises, progressively releasing excess fluids. D Magma (containing silicate melt
and excess fluids) rises from the deep reservoir and releases excess fluids that rise
through a fracture network and expand. E Similar to D, but involving an equivalent
volume of magma rising from 8 km to 4 km depth, sufficient to explain the inflation
of the shallow source.

Scenario A: the molar volume of fluids at 210 MPa (8 km depth) is
54.99 x 10~ m*/mol, while at 100 MPa (4 km depth) is 102.49 x 10 m’/
mol. Thus, the transfer of a finite volume of excess gases from 8 to 4km
depth results in a ratio between the volume increase at 4 km (AV) and the
volume decrease at 8 km (AV®®) of 1.86 (102.49/54.99). The ratios esti-
mated from deformation data between deep and shallow sources vary
between 28.5 to about 8 (Table 1), which implies that the transfer of a finite
volume of only magmatic gases from 8 to 4 km is not sufficient to explain the
volumetric variations calculated from the geodetic data.

Scenario B: the coupled transfer of a finite volume of magma and
volatiles also cannot explain the geodetic data, because the silicate melt is
essentially incompressible with respect to the excess fluids, a feature that
would require the decrease of volume of the deep source AV*® to be much
closer to AV. As an example, 0.01 km® of magma with 30 vol. % of excess
fluids at 8 km will expand to about 0.015 km” once reaching 4 km, giving a
AV/AV*® of 1.56, still smaller than the volumetric ratio retrieved from
geodetic data (Table 1).

Scenario C: we consider that the increase of volume measured geo-
detically at 4km depth is caused by crystallization-induced release of
magmatic fluids (commonly referred to as “second boiling™’; Fig. 7C). The
calculations show that 0.12 km’ of magma would have had to cool to its
solidus temperature for a sufficient amount of fluids to be released and cause
the inflation. Considering a thermal conductivity of 10™°m’/s® and a
spherical reservoir of 0.12 km’ volume, the timescale of cooling would be of
the order of 3000 years, which is larger than the decennial duration of the
unrest episode. Because this is a maximum estimate of the cooling timescale,
we also computed the timescale of cooling for a sheet of magma of 100 m
thickness emplaced at 4 km depth. The timescale is 182 years, which also
largely exceed the duration of unrest. Additionally, in this scenario (both

cases), the inflation would decrease in time and not increase as observed.
Therefore, we deem this scenario not plausible.

Scenario D: we assume that magma rises from 8 km depth and releases
excess gases during decompression. In this scenario, the risen magma does
not necessarily reach the shallower source. The amount of gases released
upon ascent is directly proportional to the volume of ascending magma, the
total ascended vertical distance, and the volatile content of magma at 8 km
(Methods). For each period we calculate the volume of rising magma
required to release enough volatiles to account for the estimated inflation of
the shallow source (Fig. 7). The minimum volume of ascending magma is
obtained by calculating the volume of excess volatiles released by magma
ascending to a depth corresponding to the shallower source. In Fig. 8, our
calculations for this scenario show that the minimum volume of ascending
magma was 0.019 km’ in period T3 (felsic magma) and the maximum was
0.052km’ in period T2 (mafic magma). The total minimum volume of
magma calculated with this approach varies between 0.17 and 0.22 km”.
This is the range of the volume of magma required to reach the shallower
source, although it is 3 to 4 times larger than the volume of the inflation of
the shallower source retrieved from geodetic data (Table 1). These calcu-
lations suggest that either inflation at CF is the result of fluids released by a
volume of magma larger than 0.17-0.22 km’ rising from 8 km depth that did
not reach the shallower source, or the inflation is caused by the injection of
an equivalent volume of magma and excess fluids in the shallower source.
Therefore, it is not possible to univocally determine the stalling depth of the
risen magma, as it depends on the volume of the rising magma. Importantly,
the deflation at 8 km is much smaller than that associated with the loss of
mass required to explain the increase in volume of the shallow source. It is
thus necessary that the volume of ascending magma and excess gases is
largely compensated by the addition of magma from the portion of the
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Fig. 8 | Relationship between the volume of ascending magma and the final depth
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izontal line for each period. The final depths of ascent from the simulations are
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calculated considering the release of pure H,O from the magma. The blue and red
lines are calculated considering a cooler felsic magma and a mafic and hotter one,

respectively (Supplementary Fig. 16). The intersecting volumes are identified by the
blue and red circles, V*' and V*, respectively.

magma reservoir located at depths > 8 km. This, in turn, would also imply
that the melt portion of the reservoir is maintained.

Scenario E: following the last consideration, a fifth possible scenario is
that the inflation of the shallower source is directly connected with the
deeper magma reservoir, with the arrival of a volume of magma and volatiles
equivalent to the increase in volume of the shallower source (0.06 km?;
Table 1). This scenario thus considers plausible the arrival of magma at 4 km
depth, provided that the deeper source is recharged from below.

As alast comment, the underplating of basalt at the base of the shallow
source may in principle lead to reheating and vesiculation. However,
reheating would also result in remelting, and the consequent decrease of
fluid concentration in the melt, which will efficiently buffer the release of
excess fluids®'. Also, a large mass of magma would need to be heated up to
produce sufficient fluid exsolution to explain inflation. This implies that the
mass of basalt that would need to be underplated to heat up the shallow
source would need to be even larger than that calculated in scenario C.
Finally, the ascent of the underplating magma would release more fluids
than those released by reheating. For all these reasons, we discard the
potential consequences of magma rising and underplating the shallower
source.

Therefore, the two most plausible scenarios (D and E) involve, in
addition to the input of magma to 8 km depth, the transfer of magma from
the deeper reservoir to shallower levels (up to 4 km depth in case of scenario
E), implying the direct involvement of rising magma in the ongoing unrest.

Conclusions

Surface deformation results from 2007 to 2023 at CF suggest the activity of
both a shallower and a deeper source (Fig. 9). While the pressurized shal-
lower source exhibits gradual widening and decrease in depth, from 5.9 to
3.9 km, the deeper magmatic source at 8 km depth experiences minor
deflation. The mechanical simulations depict strain concentration in
agreement with the seismicity location, evidencing not only the direct link
between long-term deformation and seismicity, but also the interaction
between the shallowest (the hydrothermal system at depth <3 km) and the
deeper portions (the plumbing system, at depth >4 km) of CF during
2007-2023.
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Fig. 9 | Sketch of the 2007-2023 active plumbing system at CF. The shallower
sources retrieved by the data inversions during the periods T1-T7 are reported in
transparent purple, while the deeper reservoir is in orange. The seismicity is shown
with black dots. The yellow volume is the hydrothermal system. The shallower
source dimension is increased by a factor 3.

To better define the nature of the shallower source, and any involve-
ment of magma, we employed petrological calculations. These explain the
deflation of the deeper source with the rise of 0.06 to 0.22 km’ of magma
towards the shallower source, largely compensated by the input of magma
from below 8 km depth. The volume of magma ascending towards the
shallower source cannot be constrained precisely, as the same volumetric
increase can be produced by the release of volatiles from a large volume of
magma rising at small depth, or smaller volume ascending more. In any
case, all calculations require the ascent of magma from 8km depth,
demonstrating its direct involvement in the unrest.

The FEM model approach developed and tested during the 2007-2023
unrest at Campi Flegrei, merging geodetic and petrological methodologies,
can allow tracking the evolution of a plumbing system even in near real time,
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better constraining magma ascent in a timely way at volcanoes experiencing
unrest.

Methods

GNSS and satellite radar observations

The GNSS dataset consists of 21 inland stations widely distributed in the
CF area, plus 2 new seafloor stations located in the Gulf of Pozzuoli'*>****
(Figs. 1-2). These stations belong to the NeVoCGPS network and
MEDUSA marine infrastructure operated by the Istituto Nazionale di
Geofisica e Vulcanologia - Osservatorio Vesuviano (INGV-OV). Even
though the dataset has rather heterogeneous dates, especially at the
beginning of our analysis, a well-distributed inland GNSS network with
14 stations was available since 2007-2011, and the stations number
increased to 21 after 2017". The analysis, based using the Bernese GPS
software v. 5.0 on a daily basis has been extended until the end of 2023
Also, two new GNSS seafloor stations were incorporated“‘. We consider
only two stations (CFBB and CFBC) out of the four available, since the
CFSB buoy, the farthest from the coastline, presents very high noise and
CFBA, already accounted only for the vertical component, is character-
ized by high residuals in all the tests attempted, as previously evidenced”
and possibly due to the position of CFBA buoy, relatively close to the
navigation routes in the gulf.

The employed InSAR time-series data are a subset of the CF open
access dataset'’, consisting of a homogeneous and continuous SAR dataset
of the CF caldera from 1992 to 2021 and exploiting the acquisitions from
three satellite missions in both orbits: ERS 1-2 (1992-2002), ENVISAT
(2003-2010) and COSMO-SkyMed (2011-2021). The COSMO-SkyMed
ascending and descending datasets have been updated to October 2023. The
data were processed by the multi-temporal and multi-baseline approach
using the GAMMA software™, retrieving the CF ground deformation
velocity and displacement time series. The obtained InSAR products have
been validated using independent GNSS data and levelling measurements,
with RMSE below a threshold of 5 mm/yr in each case". Considering the
2007 as the beginning of the evident deformation associated with the unrest
and the availability of the GNSS data>”, two satellite missions were
employed: ENVISAT, covering 2007-2011, and COSMO-SkyMed, cover-
ing 2011-2023.

Based on the observations of ground velocity changes in the time
series from both GNSS and InSAR data, seven time windows were
selected to be modelled separately (Figs. 1-2). The intervals identified
are 2007-2011 (T1), 2011-2013 (T2), 2013-2015 (T3), 2015-2017 (T4),
2017-2020 (T5), 2020-2022 (T6), and 2022-2023 (T7). Accordingly, the
mean ground velocity for each interval was computed for each dataset,
and Supplementary Table 1 reports the exact date intervals for each
period. The division in periods has been carried out to minimize the
effect of secondary short-time signals on the main pattern (Fig. 2e).
Alternative divisions may still be valid. Additionally, the InSAR mean
ground velocity for each period has been spatially downsampled with two
sample sizes, 300 m in the highly deforming area within a radius of
approximately 5 km, and 600 m outside.

FEM - 3D model
The modelling is based on the FEM technique, to account for the elastic
structure of CF in the data optimization process and to avoid fixing the
shallow source shape a-priori. The model consists of 150,000 8-nodes brick
elements (Fig. 3). The computational domain extends 140 km x 140 km
x 60 km to ensure negligible displacement and stress at the boundaries. The
elements have a side dimension of 400 m in the caldera centre (a sub-
domain of approximately 15km x 15km x 11 km) and increase their size
towards the domain periphery. The free surface of the numerical model is
flat, given the mild topography of the caldera and the limited impact on the
deformation in this case®.

The 3D model includes the elastic heterogeneous structure based on
the integration of two seismic tomographies®*”, both providing Vp and
Vp/Vs. One” is based on an active seismic experiment encompassing the

entire caldera (25 km x 25 km) with a resolution of 1 km (down to 5 km
depth), while the second tomography”’ was obtained from the analysis of
the 1984 microseismicity, and it is centred beneath the Pozzuoli - Sol-
fatara area (7 km x 8 km), with a resolution of 100-150 m down to 3.6 km
depth. Both tomographies evidence a sharp decrease of Vp/Vs at
1.7-2.5 km, suggesting the absence of magmatic fluids, and the presence
of gas saturated rocks. The high Vp and high Vp/Vs volume extending
below, down to 4 km, can be associated with partially molten material
enriched in fluids®, while the caldera rim is defined by an almost con-
tinuous annular high Vp anomaly™.

In the numerical model, the Vp and Vp/Vs have been converted into
elastic constants (v, Poisson coefficient, and y, rigidity) to define the elastic
structure element by element in the computational domain, using

v = ((Vp/Vs)® —2)/2((Vp/Vs)’ - 2)

u=Vp'p(l = 2)/(2 = 2v)

A simplified layered density structure has been considered (density
p = 1800 kg/m’ from 0 km to 1 km depth, p = 2000 kg/m’ from 1 km to
2 km depth, and p = 2500 kg/m® below 2 km depth), based on the AGIP
technical report®. The elastic structure obtained is characterised by
rigidity values 2 GPa < u < 20 GPa and Poisson coefficient 0.23 < v <0.31.
These parameters are distributed in 3D patterns in the finite element
domain. In general, the rigidity values increase with depth, but have also
a highly heterogeneous distribution below the Pozzuoli and Solfatara area
(Fig. 3). Below 5 km depth, the model is homogeneous with u =20 GPa
and v=0.25.

FEM - forward modelling

The modelling of the plumbing system of the CF consists of a shallower
source and a deeper source. The shape of the shallower source is not fixed
a-priori****>*, This shallower source, often assumed with a sill-like shape, is
here considered as point-source, due to the small ratio between radius and
depth™*?. In our simulations, this deformation source is implicitly
described in terms of an equivalent moment tensor’****, considering that
the far field deformation of a pressurised point-source triaxial ellipsoid
arbitrarily oriented can be represented by a proper combination of dipoles
and double couples. In the FEM implementation, the moment tensor is
M;; = Vo, where V is the volume of the finite element considered and g is
the stress tensor applied. The 3D surface displacement is w(r) = S; Uf;
where k= (x, y, 2), U is the 3D surface displacement field due to the
application of unitary double forces and double couples (the stress tensor
0;;) toasingle element, and §;; are the scale factors of each stress component.
The elementary solutions (U;) are computed in the heterogeneous 3D FEM
model described above. The potential element-sources are cubic finite ele-
ments of the grid with side I = 400 m with V = P. The forward model of the
inversion consists of a matrix volume of 1000 elements (potential element-
sources) centred approximately below Pozzuoli“*** (Fig. 3). The six com-
ponents of the stress tensor (each one amounting to 1 MPa) are applied over
the element faces separately, obtaining a “Green’s Functions” matrix con-
sisting of 6000 FEM computed 3D displacement solutions at the 4537 sur-
face nodes of the model. Accuracy tests reproducing the theoretical
displacement due to dipoles and double couples, along with the equivalent
pressurized cavities, have been performed with FEMs having similar size
and extension'*”.

We consider the contribution to the deformation of a second deeper
source, represented by a deep flat layer in the FEM. This source is simplified
as a squared crack with side 10 km, laying at 8 km depth, whose centre is
fixed at 426.2 km east, 4518.4 km north (UTM projection, zone 33). In this
case, an overpressure of 1 MPa is applied to both sides of the crack, obtaining
scalable (positive or negative) surface displacement that adds to that due to
the element-source. Our approach neglects possible mechanical interactions
between the shallower and deeper source.
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FEM - inversion

The FEM solutions have been interpolated in the GNSS benchmarks and
InSAR data points of each period, considering bi-linear shape functions
within the surface element faces. The FEM inversion is designed to find the
mean model consisting of the superposition of the two forward sources
described in the previous section for each of the seven periods considered.
The non-linear inversion framework retrieves the best element-source
among the 1000 available, the scale factors of the stress components applied
to it, and the scale factor of the overpressure applied to the deep source. The
scale values may range from positive to negative.

In order to limit the unknowns and trade-offs, for the shallow
source we consider only the dipole solutions Uj;, meaning that the
equivalent ellipsoidal source’s axes are oriented along the x-y-z axes,
as discussed in the next section. Indeed, the off-diagonal components
related to the double-couples are not zero if the ellipsoid has a strike
and/or a dip™*****’. Although this assumption is a limitation, adding
a possible bias to the solutions, it should be considered that the strike
and dip angles cannot be well resolved at CF, since almost half of the
caldera is submerged and there are only two measurements on the
sea (for only 2017-2020). Also, since the “central” shallower source is
often retrieved nearby Pozzuoli, we fix its horizontal position at
426.2km east, 4518.8km north (UTM projection, zone 33)***,
which is about 600 m south of RITE in the seaside. Indeed, this
position persisted during preliminary tests, considering also the
400 m discretization of the FEM model. With these simplifications,
the inverted free parameters are five: the depth and the three scale
factors of the diagonal stresses for the shallow source, and the scale
factor for the deep source.

The geodetic inversion is carried out in two steps. In the first one, a
global optimization algorithm™ samples the parameters space and searches
for the best fit parameters. For each period, 51’000 total models are sampled
during 50 iterations. Considering that for each period there are the GNSS
and the InSAR ascending/descending orbit datasets, the misfit function
associated with the GNSS data is accounted for in the total misfit with a
weight of 1/3. The second step is the Bayesian inference on the sampled
model space”’, without further comparisons with data, to obtain the mean
model for each period. This inversion is based on the MCMC sampling, and
about 40 random walks for 3000 iterations have been carried out.

FEM - source interpretation and volume variation

The inversion results for the shallow source are interpreted in terms of the
equivalent pressurised source®**”', following the approach briefly sum-
marised here. The scale factors retrieved, S;;, correspond to the stress diag-
onal values o;; = §; x 1 MPa related to the single element. Considering that
the off-diagonal components are fixed to 0 in the inversion, the principal
stresses 07 < 0, < 03 are directly retrieved from the inversions and corre-
spond to 0y, 0yy, and o, ordered. From the ratios 0,/03 and o,/03 it is
possible to obtain the axes ratios of the ellipsoidal source™, considering that
the ellipsoidal source is a subset of the possible combinations of the principal
stress (or principal moment) ratios™*>***, as shown in Supplementary Fig. 9.
We perform a grid search among all the possible combinations of the axes
ratios b/a and ¢/a, computing the corresponding 0,/0; and 0,/0; as in ref. 51
(eq. 12-19) in order to find those closest to our findings. This process defines
also the ratio between the overpressure AP and g3, since it depends on the
ellipsoid aspect ratio (b/a and c/a).

The ratio between the volume variation AV and V the volume is”:

AV)V =

(1—-2v)AP (al +0,+ 04
_ 3)
2(1+ vy AP

Given the point-source approximation, it is possible to determine the
volume variation given an estimate of the initial volume of the source.
Considering the similarity among the surface displacements during the
unrest of 1982-84 and the recent unrest*®, the initial volume of the source is
estimated by scaling the volume variation of the 1982-84 to the total

deformation of the last three unrest episodes since 1950 before the present
one. From the levelling and EDM measurements of 1980-1983, the volume
variation of the source is estimated as 17-22 x 10° m’ for a maximum uplift
of 60 cm occurred at the levelling benchmark 25 A (which recorded the
maximum vertical displacement at CF and is located 150 m distance from
the RITE station)**’. The net uplift at the same benchmark during 1950
(end of the long-term subsidence at CF) and 2007 (beginning of the present
analysis) amounts to 3 m"*’". Averaging the reference volume variation to
20 x 10° m’ for the 1980-1983 uplift, we set the initial volume at 0.1 km’,
scaling the deformation by a factor 5 (i.e., the ratio between the cumulated
uplift of 3 m and the 60 cm of 1982-84).

The deep source, approximated as a squared crack, is characterized
by non-uniform, asymmetrical opening due to the 3D elastic structure,
under the effect of a uniform pressure. The volume variation AV#% is
calculated by numerical integration of the 3D relative displacement of the
initially coincident nodes over the element faces laying on the two sides
of the crack, as:

n
AV P =12 " du,

i=1

Where du; is the relative displacement of the i-th paired nodes and n is
the total number of the paired nodes on the surfaces, 576 in this case. The
result is a unitary volume variation of AV,%*% =20.8 x 10°m’, which
linearly scales with the AP found as the fifth parameter by the FEM
inversion.

Equivalent strain calculation

We adopt a strain-based formulation to define the damage and fracture
model at CF. In the strain-based formulation, the equivalent strain is usually
adopted as the (undamaged) energy norm of the strain tensor’. The
equivalent strain ¢” is defined as the J2-norm of the strain tensor:

1
& = \/5(5)2“ +e, + e, + 26, + 2¢), + 2€L)

We compute seven scenarios by incrementally run forward FEM
models, each one loaded with the sources retrieved in the inversions. At the
end of each simulation, we obtained the scenario related to the end date of
the period. The equivalent strain ¢” has been computed at the end of each
FEM simulation at the integration points of each single element of the whole
domain. The comparisons with the seismic catalogue are made at two
depths of 700 m and 1400 m, and considering a buffer of 160 m.

Petrology calculations

The target of these calculations is to estimate, considering different sce-
narios, the volume generated by different processes and compare it with the
increase of volume of the shallow source (currently located at a depth of
3.9+0.2 km) estimated from geodesy (Supplementary Table 2). These
calculations were not performed to perfectly match the observations, but to
provide boundaries within which to apply more sophisticated models that
will help clarify the causes of the ongoing unrest.

We use the equation of state’” to calculate the molar volume of mag-
matic fluids at different depths, and therefore estimate the increase of
volume associated with the ascent and decompression of magmatic fluids or
magma exsolving fluids (Supplementary Fig. 15). We converted pressure in
depth using a density model™”. The pressures estimated below CF are
210 MPa and 100 MPa at 8 and 4 km depth, respectively.

Scenario A: the partial molar volume of H,O at different pressures and
temperatures were performed using the Equation of state” and a Python
code for the calculations can be find at: https://github.com/forsterite/
fugacity/. The molar volume of fluids at 210 MPa and 900°C is
48.81 x 10~ m*/mol, while at 100 MPa is 90.72 x 10~° m*/mol. Considering
T7 as an example, the moles of magmatic H,O which could be transferred to
4km to account for the deflation estimated by geodesy at 8 km depth
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(Fig. 7A) is given by:

132 10%[m’]
T 48.81- 10 [m3mol ']

My o = 27 - 10°[mol]

If this amount of magmatic H,O ascends to 4 km depth, it will generate
a volumetric expansion of:

AV g, = 27 - 10° [mol] - 90.72 - 10~ [m>mol '] = 2.45 - 10°[m’]

This value is about 5 times smaller than the observed value of
10.4 x 10° m® (Table 1) and therefore the transfer and expansion of a finite
mass of magmatic fluids from 8 to 4 km cannot account for the inflation
estimated from geodesy (Fig. 7A).

Scenario B: this scenario considers that the deflation at 8 km depth
represents a finite mass of magma and fluids moving to 4 km depth. Con-
sidering the melt as incompressible, the only resulting expansion would be
related to the expansion of exsolved fluids and volatile exsolution associated
with decompression (Fig. 7B). We first consider the transfer of a magma
without excess fluids. In this case, the only increase of volume is related to
the exsolution of volatiles. We consider a H,O-saturated magma containing
5.7 wt.% of H,O at 210 MPa (about 8 km) that ascend to 100 MPa (about
4 km), where only 4wt.% of H,O can be dissolved (Supplementary Fig. 16).
We also assume that magma and excess fluids are fully coupled, which
implies that the ascent liberates 1.7 wt.% of H,O resulting in magma
expansion. Considering a density for the magma at 8 km depth of 2500 kg/
m’, the mass of magma that would be transferred from 8 to 4 km to account
for the deflation estimated at 8 km during T7 (Table 1) is:

Myagma = 1.32 - 10° [m’] - 2500 [kg m™>] = 3.3 - 10° [kg]
The total mass of H,O that would degas from this mass of magma upon
ascent to 4 km is:

mmagma [kg ]

mH,0 =
100

- (5.7 [wt.%] — [4wt.%]) = 56.1 - 10° [kg]

resulting in a maximum volume increase at 4 km of:

mH,0[g]

°--90.72 - 107° [m’ mol '] = 0.28 - 10° [m]
18[gmol ']

A 4km =

which is more than 30 time smaller than the inflation measured in the same
period at 4 km depth. Together with the calculations performed for Scenario
A, this implies that also the presence of excess fluids would not be sufficient
to explain the inflation estimated at 4 km depth by geodesy.

Scenario C: we consider that the inflation is caused by the exsolution of
volatiles following cooling and crystallization of magma at 4km depth
(“second boiling™”’; Fig. 7C). Considering that the total inflation estimated at
4 km depth (61.6 x 10° m’; Table 1) is due to the exsolution of H,O at 4 km
depth (molar volume at 4 km depth is 90.72 x 10~ m*/mol), this will require
a mass of exsolved H,O equal to:

_61.6 - 105[m’]
7 90.72 - 108[m3 mol ]

mH, -0.018 [kgmol '] = 12.2- 10° [kg]

Assuming that 4 wt.% of H,O can be dissolved at 4 km magma, we can
calculate the mass of magma that would need to cool to its solidus to exsolve
12.2 x 10°kg of H,O. This is a minimum estimate, as if the total exsolved
H,O represent only half of the dissolved H,O, the mass of magma at 4 km
depth would have to double:

_ mH, O [kg]

. — 100
magme = 4 Tt 1] 100[wt.%] = 305 - 10° [kg]

m

For a density of 2500 kg/m’ the magma volume amounts to about
0.12km’ that would have cooled to its solidus temperature since the
beginning of the inflation in 2007 (Fig. 1). Because at the time of writing the
inflation continues, the estimates volume of magma that would have cooled
to the solidus increases accordingly.

We also computed the timescale of cooling for a sheet of magma of
100 m thickness and 650 m radius (sufficient magma volume to obtain the
required excess fluid to explain inflation), emplaced at 4km depth at a
temperature of 1200 °C (T,,) in a host rock at a temperature of 600 °C (T,),
using a 1D thermal model™:

T,+T, z—b z+b
=l {erf (NE) ot (2%)}

where z is the vertical coordinate, b is the half thickness of the sheet, k is the
thermal conductivity (6.21 x 107 m*/s”).

Scenario D: in this scenario, magma rising from 8 km depth (at
900 °C) is supposed to release fluids that separate from the ascending
magma and generate the inflation at 4 km depth (Fig. 7 and Supple-
mentary Fig. 15). In this case we calculate the total amount of magma
that should degas to release a volume of fluid that at 4 km corresponds to
the volume increase estimated by geodesy. The moles of H,O
required at 4 km depth to explain inflation are given by (using T7 as an
example; Table 1):

616 - 10°[m’]
7 90.72 - 1075[m? mol 1]

mH,0 0.018 [kg mol™'] = 12.2 - 10° [kg]

The minimum mass of magma ascending from 8 km and releasing
sufficient excess fluids to explain inflation at 4 km is calculated considering
that this decompression will lead to the release of 1.7 wt.% of H,O (Sup-
plementary Fig. 16):

122 10°[kg] - 100[wt.%]

= =72-10"[k
magma 1.7 [wt. %] [kl

m

Considering a magma density of 2500 kg/m”, at 8 km depth, such mass
corresponds to a volume of 0.28 km”.

Scenario E: this scenario simply considers that the volumetric inflation
recorded at 4 km is entirely related to the injection of an equal amount of
magma and excess volatiles at 4 km depth.

Data availability

InSAR data of the Campi Flegrei caldera’” updated to 2023 are freely
available at http://www.geosar-iridium.ct.ingv.it/landing/ts_page.php.
GNSS time series data are also freely available'***”. Seismic data are from
https://terremoti.ov.ingv.it/gossip/flegrei/.

Code availability
MSC-Marc® software was used for this work and is commercially available.
The Fortran code for the inversions (sampling and appraisal stages) is freely

available™*,
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