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Magma reservoir growth and ground deformation
preceding the 79 CE Plinian eruption of Vesuvius
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Giuseppe Aiello?, Vincenzo Amato® & Mauro A. Di Vito® '

The 79 CE eruption of Vesuvius is the first documented Plinian eruption, also famous for the
archaeological ruins of Pompeii and Herculaneum. Although much is known regarding the
eruption dynamics and magma reservoir, little is known about the reservoir shape and
growth, and related ground deformation. Numerical modelling by Finite Element Method was
carried out, aimed at simulating the reservoir growth and ground deformation with respect to
the reservoir shape (prolate, spherical, oblate) and magma overpressure. The modelling was
tuned with volcanological, petrological and paleoenvironmental ground deformation con-
straints. Results indicate that the highest magma overpressure is achieved considering a
prolate reservoir, making it as the most likely shape that led to eruption. Similar deformations
but lower overpressures are obtained considering spherical and oblate reservoirs. These
results demonstrate that ground deformation may not be indicative of eruption probability,
style/size, and this has direct implications on surveillance at active explosive volcanoes.
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event classified with Volcanic Explosivity Index (VEI) 6

and represents the first documented Plinian eruption,
giving the name to this type of volcanic activity!. One of the
approaches in volcanology to study magma reservoir, and pre-
and syn-eruptive conditions is the integration of stratigraphic,
petrological, geochemical and modelling studies. Such multi-
disciplinary approach has been carried out for various geody-
namic contexts characterised by magmatic systems of different
size, fed by magmas of variable chemical composition?~>. Among
the studied volcanic eruptions occurred in the Neapolitan area
(Southern Italy), the 79 CE eruption (also known as the autumnal
“Pompeii” eruption) is one for which this integrated approach has
been used®-10.

Results from previous studies on the volcanic activity of
Somma-Vesuvius have suggested that the magma reservoir has
become shallower in the last 20ka, from a depth of ~16km
(~18.5 ka “Pomici di Base” Plinian eruption of Mount Somma)!!
to a depth of ~3km (“1944” ultra-Strombolian eruption of
Vesuvius)!2. These findings have been corroborated by experi-
mental petrology, reproducing the chemical differentiation of
magma as a function of bulk MgO content in the pyroclastic
products erupted from Somma-Vesuvius over time!3. In between,
the three Plinian eruptions, “Mercato” (~9ka)l4, “Avellino”
(~3.9ka)!> and “Pompeii” (79 CE)!® had a magma reservoir
located at a depth of ~7.5 km, under a magma storage pressure of
175-200 MPa813:17,

The composite sequence of the 79 CE pyroclastic products can
be synthesised as follows (Fig. 1): a thin phreatomagmatic ash
Eruptive Unit (EU1), a thick white-pumices magmatic fallout unit
(EU2f), a thick grey-pumices magmatic fallout unit intercalated
by multiple column-collapse pyroclastic current deposits
(EU3f-EU3pf), a thick phreatomagmatic caldera-collapse pyr-
oclastic current unit culminated into a locally-thick breccia unit
(EU4pf-EUS6), and thick phreatomagmatic pyroclastic current
and fallout units (EU7-EU8). Based on stratigraphic and sedi-
mentological analyses of the whole pyroclastic sequence, it has
been possible to recognise the onset of the caldera collapse at the
phase transition from magmatic (EU3) to phreatomagmatic
(EU4), in which ~85% of the total magma (EU1-EU3pftot) had
already been erupted®. This occurred after the chemical transition
from the white (EU2) to the grey (EU3) pumices. Indeed, the
eruption was triggered by intrusion of new mafic magma, then
the reservoir was subjected to progressive depressurisation (dur-
ing the EU2 + EU3 Plinian phase) until collapsing®. On the other
hand, there is some evidence that the caldera collapse could have
started to nucleate a little before the end of the Plinian phase,
after progressive crater enlargement!®19, The petrological aspects
of the 79 CE magma reservoir are given in support of the
numerical modelling presented in this work (“Methods”).

Several authors developed elastic models to simulate the
mechanical response of the medium to the magmatic source of
the 79 CE eruption. These models are based on the finite element
method (FEM) and aim at assessing the effects of the complex
structure of the volcano on ground deformation, in the physical
conditions that likely led to the eruption; they are summarised in
Table 1. Russo et al.2% and Russo and Giberti?! consider the
mechanical instability of the volcanic edifice, adopting different
shapes of the magma reservoir in 2D or 3D elastic heterogeneous
media. Meo et al.?2 configure a 3D model using the actual
topography of Vesuvius, fixing a spherical magma reservoir at 2, 3
and 5km depth and elastic heterogeneities of the medium, and
show that the ground deformation is concentrated in the crater
area. Tammaro et al.?3 improve the FEM model, by including a
3D elastic structure from tomography studies to help give a dis-
tribution of elastic and density parameters. However, there still is

The iconic 79 CE eruption of Vesuvius was a large-scale

a lack of studies that take into account the magma reservoir
growth and the related implications for volcanic hazard. Such
growth-deformation binomial is poorly known and deserves
further attention”.

In this work, we used FEM models (see “Methods”) to simulate
the magma reservoir growth and ground deformation that could
have occurred prior to the 79 CE Plinian eruption of Vesuvius, as
a consequence of multiple magma recharges possibly occurred in
the 300 years preceding the eruption. Magma recharge from
deeper sources is considered as the necessary long-term condition
that precedes any volcanic eruptions?4. The magma reservoir,
modelled with different shapes, is embedded in a viscoelastic
medium consisting of a metamorphic shell around the source
with lower viscosity with respect to the host rocks (Table 1 and
“Methods”). The modelling is tuned with petrological and stra-
tigraphic data on the erupted products, and is compared with
paleoenvironmental records of the ground deformation around
the volcano in six archaeological sites. As ground surface dis-
placement is one of the main monitored hazard parameters at
active volcanoes, this work on the well-known “Pompeii” erup-
tion has direct implications on volcanic hazard assessment in the
precursory phase(s) of Plinian eruptions.

Paleoenvironment and pre-79 CE ground deformation. In lit-
erature there is a wide documentation on the evolution of the
paleoenvironment around Vesuvius, and particularly in the Sarno
River Plain (Fig. 2). After the Wiirm glaciation (<12ka), such
evolution was characterised by marine transgression (sea level rise
plus Plain subsidence) until ~5 ka before the 79 CE eruption, then
the transgression velocity decreased and became less than the
accretion velocity of the Plain (sedimentary plus volcanic sup-
plies) leading to coast line progradation?’. In the 5 ka before 79
CE, the paleoenvironmental reconstructions are not straightfor-
ward mainly because the paleomorphology is buried by thick
subaerial volcanic successions related to eruptions of Somma-
Vesuvius. The largest in this period were the “Avellino” and
“Pompeii” Plinian eruptions. A number of campaigns were per-
formed with the goal of carrying out several cores through the
buried sedimentary and volcanic successions in the Plain?>-%7.
More recently, other cores were carried out?$2% finding the pre-
sence of pre-79 CE barrier-lagoon systems sub-parallel to the
current coast line.

Since the first appearance of the Charles Lyell’s “Principles of
Geology” book frontispiece in 1830 showing water level changes
in the Serapeo archaeological site at Campi Flegrei (Italy),
geologists have focused on fossiliferous content in rocks to
reconstruct the paleoenvironment3?. In the area around Vesuvius,
palaeocological interpretations have been based on microfaunal
and meiofaunal assemblages, with particular regard to benthic
foraminifers and ostracods?®2%. Foraminifers generally show high
abundances in fully marine environments, while ostracods are
important for interpretations in all aquatic environments from
marine to continental. Moreover, the successions deposited in
areas under the influence of volcanic activity, such as the
Vesuvius case, can show alternations of fossiliferous and barren
levels, which depend on depositional conditions and taphonomic
processes. Marturano et al.3! analysed various cores in the
Somma-Vesuvius apron near Pompeii, where pre-79 CE shallow
marine deposits are alternated with subaerial sediments. The
majority of the samples were fossiliferous, testifying both lower
infralittoral zones of low-energy waters and upper infralittoral
zones of high-energy waters. From other cores in the Pompeii
archaeological site, Marturano et al.3? found very rare micro-
fossils including some foraminifers and ostracods. The meiofau-
nal assemblages found testify an alternation of subaerial deposits
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Fig. 1 Pyroclastic deposits sequence of the 79 CE Plinian eruption of Vesuvius. a Total sequence of the 79 CE pyroclastic deposits with each Eruption
Unit (EU) reported; distance is 4.5 km from the current crater. b-d Details of the various EUs recognised (modified after®). On top, some of the main EUs
inform a regime diagram (crater densimetric Froude number vs. crater radius, for three different eruption column densities) to synthesise the 79 CE

eruption dynamics (modified after!8).

with shallow marine sediments. From cores in the Herculaneum
archaeological site, Marturano et al.33 analysed samples that were
barren or yielded very poor faunal assemblages. One level resulted
relatively rich of well-diversified benthic foraminifers consisting
of typical infralittoral taxa, while ostracods were even more rare,
confirming the previous paleoenvironmental reconstructions.

In the central-southern sector of the Plain, the barrier-lagoon
systems are characterised by the presence of a dune sequence
14C_dated at 3.8 ka before the 79 CE eruption. Instead, in the
northernmost and southernmost sectors, the marine transgres-
sion (in between 7 and 12 ka) formed steep cliffs on pre-79 CE
lavas around the Pompeii paleohill, all along the foothills of the
southwestern flank of Vesuvius, and on the Late Pleistocene
pyroclastic successions along the foothills of the northern flank of
the Lattari Mountains. Another dune sequence, sub-parallel to the

previous one, has been identified at a few 100 metres closer to the
sea and 14C-dated at 0.8 to 1.8 ka before 79 CE. In the sectors in
between, some lagoons formed which evolved into fluvio-swamp
environments. This paleoenvironmental condition seems to have
lasted until the arrival of the pyroclastic products of the 79 CE
eruption of Vesuvius which, besides burying the Roman towns of
Herculaneum, Oplontis, Pompeii and Stabiae, led to a drastic
change in the coastal environments. Because of the deposition of
such pyroclastic products, the coast line and the dune sequences
prograded of a few kilometres, and the low zones behind the
dunes were filled?>2%:3435,

In this work, these paleoenvironmental reconstructions were
reviewed comparatively to depict how the morphology around
Somma-Vesuvius was prior to the 79 CE eruption. Amato et al.2°
have provided constraints on the local vertical displacements that
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Table 1 Magma reservoir models for Vesuvius.

3D E=10GPa, v=0.25
7n=10"Pas (shell), y=108Pas
(host rocks)

Model Medium Topography Source shape Source depth Boundary conditions Reference
geometry b.s.l.
Axi- 2 layers 2D profile Sphere Top at 1.1km, 2km  Overpressure =10 MPa 20
symmetrical E=10GPa Prolate spheroid Regional stress
E=40GPa
Axi- Various configurations of the central 2D profile Prolate spheroid Top 1.1km-1.7 km, Overpressure =10 MPa 21
symmetrical high rigidity body (E from 10 GPa to Cylinder centre 2km
2.5D 40 GPa) Oblate spheroid
3D 2 layers 3D Parallelepiped Centre at 2km, 3km, Overpressure=10 MPa 22
E=10GPa 5km
E=40GPa
3D 3D from tomography 3D Parallelepiped Centre at 2km, 3km, Overpressure=10MPa 23
(E from 10 GPa to 80 GPa) 5km
Axi- Viscoelastic with thermo- 2D profile Prolate spheroid Centre at 7.5km See Table 2 This study
symmetrical metamorphic shell Sphere

Oblate spheroid

Characteristics and parameters of previous and this-work magma reservoir models for Vesuvius. E is Young modulus, v Poisson coefficient and # Maxwell viscosity.
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Fig. 2 Map of the Vesuvius area. The red dots represent the archaeological
sites for which the ground deformation data (in brackets) are available. The
blue asterisk represents the epicentre of the strongest pre-eruption
earthquake occurred on 05 February 62 CE (M =5.1). SRP is the Sarno
River Plain. Digital Terrain Model from Tinitaly, software ArcGIS.

occurred on the ground surface prior to the event, taking into
account the local degree of humification of the paleosoil below the
79 CE pyroclastic deposits. With reference to the complex edifice
of Somma-Vesuvius, the pre-79 CE topography in the period
between the “Avellino” and “Pompeii” eruptions may be inferred
from the deposit distribution3®. However, it is not straightforward
to assume the post-“Avellino” topography as the one that
preceded the 79 CE eruption, as in between the two Plinian
events a number of eruptions, named AP1-6, occurred3’. On the
other hand, the interplay among stratigraphic heights and
fossiliferous vs. barren levels in the Plain successions has allowed
to estimate the vertical ground deformation (uplift) that likely
occurred during the whole period of magma reservoir recharge
before the eruption. Such vertical ground surface displacements
have been earned in five archaeological sites around Vesuvius at
different distances from crater2?-3>-38.39; Stabiae (~0 m), Pompeii
(~2m), Herculaneum (~2.5m), Piazza Municipio, Naples
(~0.5m) and San Pasquale a Chiaia, Naples (~0m) (Fig. 2).
These archaeological sites fall in an area of 7 to 15 km radius from
the current crater. Another estimate is available at Ponte Tirone,
Palma Campania, where archaeological interpretations have given

an average uplift of a segment of the Roman aqueduct of
~1.5m*0. An uncertainty of 0.5m can be associated to the five
estimates, based on recognition and interpretation of the level
heights constraining the displacements23%, while an uncertainty
of 1.2m is considered for the archaeological estimate at Ponte
Tirone0. A temporal uncertainty of the order of decade can be
associated to those estimates, as this (to a 100 years) is the ground
deformation time span inferred from the paleosoil analysis along
the coast line. It is worth noting that the vertical displacements
decrease with distance from the crater similarly in different
directions.

Numerical modelling of the 79 CE magma reservoir growth.
3D axi-symmetric FEM models were developed to test how dif-
ferent initial shapes of the magma reservoir can impact on the
stress conditions that likely led to the reservoir failure, and then
to the 79 CE Plinian eruption of Vesuvius. The configuration of
the models was based on volcanological and petrological indica-
tions of the recharge timing and magma volumes (“Methods”). In
particular, three models including three different source shapes
were considered: a prolate spheroid, a sphere and an oblate
spheroid. The initial volume was fixed at 1.1km3, achieving
4.4km3 at the end of the 300-years recharge phase, which pre-
ceded the 79 CE eruption. The overpressure of the three sources
was constrained by the achievement of the final magma volume.
The models are viscoelastic, including a thermo-metamorphic
shell in which the sources are subjected to dilatation (“Methods”).

Results of the three source expansions at the end of the 300-
years recharge phase are shown in Fig. 3, while the FEM
computational meshes are reported in Supplementary Fig. 1. The
FEM simulations show a different evolution of the magma
reservoir based on its initial shape, after achieving the same final
volume for the three shapes. The prolate source has an almost
radial expansion (Fig. 3a), while the sphere (Fig. 3b) and more
evidently the oblate (Fig. 3¢c) sources grow much more vertically
than horizontally. This behaviour is also documented by the
displacement time-series of their axes (Fig. 4c), reporting a
growth of ~1km vertically and 100-200 m horizontally in
particular for the sphere and oblate sources. This means that all
the three sources tend to verticalise during the recharge phase.
Also, this occurs regardless of the different overpressures
generated on the wall rocks at the end of the recharge phase.
Indeed, the modelling results show that for each magma reservoir
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Fig. 3 Models of the 79 CE magma reservoir in this work. Magma reservoir simulated by FEM in the viscoelastic medium. a Red, prolate spheroid; b Blue,
sphere; ¢ Green, oblate spheroid; details are reported in Table 2. The three sources have the same initial volume (1.1km3, thin lines) and expand achieving
the same final volume after 300-years recharge (4.4 km3, thick lines). The grey shaded area is the viscoelastic shell with lower viscosity with respect to the
host rocks. d Comparison among the initial (thin lines) and final (thick lines) volumes. The shell boundary is reported with a thin black line. The topography
from the central crater is reported on top (horizontal in scale, vertical not to scale).

Table 2 Models of the 79 CE magma reservoir in this work.

Model aaH (m) aav (m) aH/aV bAPmax (MPa)
Prolate 443 1330 0.33 100

Sphere 640 640 1 85

Oblate 930 310 3 50

Characteristics of the three models considered in the present work.
2ay is horizontal semi-axis, ay vertical semi-axis.
bMaximum overpressures attained at the end of the cumulative recharge phase.

shape simulated, the overpressure required for the expansion is
different (Table 2). The oblate source needs ~50 MPa, half of the
overpressure of the prolate source (~100 MPa), to yield the same
final volume.

The vertical ground surface displacements amount to 4-5 m in
the crater area at the end of the recharge phase (Fig. 4a). Even if
the FEM models were calibrated only considering the magma
reservoir growth (from 1.1km3 to 4.4km3), the ground
deformation simulated is in agreement with the six paleoenvir-
onmental and archaeological elevation changes that preceded the
79 CE eruption (Paleoenvironment and pre-79 CE ground
deformation), as shown in Figs. 4a and 5. Indeed, the chi-
squares computed for the prolate, sphere and oblate models are
0.6, 0.7 and 0.6, respectively. The time-series at the site closest to
the crater (Fig. 4b), Herculaneum, shows similar behaviour for
the models considered, reporting the slight scaling among the
three models as in the patterns of Fig. 4a. The wavy pattern is

modulated by separate magma inputs, which is reported in terms
of the overpressure variation curve in the bottom of the figure
panel (Fig. 4b). During recovery after each batch of magma enters
the reservoir, there is no subsidence due to viscoelastic effects.
The oblate source approaches a more continuous trend with
respect to the step-like trend of the sphere and prolate sources.
This is also confirmed by the time-series of vertical and radial
expansion of the magma reservoir, in terms of upward expansion
of the vertical semi-axis and radial expansion of the horizontal
semi-axis (Fig. 4c).

Discussion

The FEM models allow to investigate the binomial between the 79
CE magma reservoir growth and pre-eruption ground deforma-
tion. Despite the different initial source shapes, all three models
achieve a vertically-elongated shape at the end of the simulations
(Fig. 3d). In particular, both the prolate and spherical sources
almost attain the same final shape. The felsic magma and the top
of the grey magma were H,O-saturated, at a storage/crystal-
lisation pressure ranging from 175 to 200 MPa, and corre-
sponding to a magma reservoir located at ~7.5 km depth with an
initial vertical extent of ~500 m!7. On the other hand, no petro-
logical constraints are available for the overall extent of the 79 CE
magma reservoir. For this, and considering that the felsic magma
represents 1/3 of the total erupted magma volume, Balcone-
Boissard et al.® have hypothesised a further vertically-elongated
magma reservoir. Such shape fits also well with the syn-eruptive
saturation of the deepest part of the grey magma, correlating with
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Fig. 4 Uplift after the 79 CE magma reservoir growth. a Vertical displacements on the ground surface (uplift) at the end of the 300-years mafic magma
injection phase, related to the three models considered. The black squares represent the archaeological data (A = Herculaneum, B = Pompeii, C = Ponte
Tirone, D = Stabiae, E = Piazza Municipio, F = San Pasquale a Chiaia) with the associated uncertainty. b Time-series of the vertical displacement in
Herculaneum (the data site closest to the crater, located at a distance of ~7 km); colours as in (a). On bottom, it is reported the normalised overpressure
variation history over 300 years due to the magma batches entering the reservoir (shaded area; specific AP.x for each model is reported in Table 2).
¢ Time-series of vertical and radial expansion of the three sources (O oblate, S sphere, P prolate) with colours as in (a) considering the upward expansion
of the vertical semi-axis (v.) and radial expansion of the horizontal semi-axis (h.).

the onset of the total Plinian column instability®*!, and easiest to
achieve by a prolate shape with respect to an oblate one, and
confirming that the dynamics inside and outside the volcano are
intimately coupled through crater conditions!'® (Fig. 1).

The similar vertical shape for the three models is attained
regardless of the different overpressures generated on the wall
rocks. Indeed, the modelling results show that for each magma
reservoir shape simulated, the overpressure required for the
expansion is different (Table 2). The prolate source shows the
highest overpressure build up on its walls at the end of
the recharge phase, which means that it has limited capabilities to
sustain the internal overpressure build up. The oblate source
requires half of the overpressure of the prolate source to yield the
same final volume. This is not surprising since sill-like sources,
penny-shaped cracks*?, and in general sources with horizontal
extent larger than vertical one generate larger volume variations
with respect to more spherical shapes, given the same
overpressure>#3. Conversely, in this work the volume variation is
kept constant (from 1.1km3 to 4.4km3), while the involved
overpressures vary depending on the source shape, although
comparisons are not straightforward since the expansion occurs
in a 3D viscoelastic medium.

Given a magma reservoir shape, the maximum overpressure
that can be achieved depends on magma supply rate2444, For the
79 CE eruption, the magma supply rate is averaged by the erupted
magma volume over recharge time, and such average represents a
source of uncertainty for the FEM modelling. The average magma

supply rate in the models is of ~0.01 km3/year, which is within
the highest limit for continental volcanoes involving relatively
mafic magma entering the high-silica high level system*>-45,
Lower magma supply rates (~0.005 km?3/year) might have been
occurred at Vesuvius, but in this case, a similarity between the 79
CE Plinian eruption and smaller eruptions of the recent activity
(1872-1944) in open conduit conditions should be assumed®.
The models did not take into account the eruption dynamics>!®,
which has already been investigated with a stratigraphic-
modelling integrated approach®, nor take into account the ther-
modynamic state of the reservoir7->0,

The three models of the magma reservoir (oblate, sphere and
prolate sources) show slightly different spatio-temporal trends for
the ground deformation after 300-years stepwise recharge. In
general, the oblate case gives vertical ground surface displace-
ments larger than the prolate and sphere cases, but the absolute
values are not drastically different for all the three cases (4-5m
maximum values), particularly beyond a few kilometres from the
crater (~1-3m). The simulated uplift deformations fit the dis-
placement data within uncertainty from the paleoenvironmental
analysis in the reference archaeological sites (Figs. 4 and 5). A
similar modelling-paleogeodetic comparison has recently been
done for Laguna del Maule, Chile®. In terms of ground uplift
velocity, a time-averaged (over 300 years) maximum value of
~1.7 cm/year is calculated near the crater, while lower values are
calculated gradually further away, as expected. On the other hand,
such velocities are higher at each grey magma recharge event
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Fig. 5 Comparison between archaeological and modelling results. Comparison between archaeological elevation changes (black arrows) and vertical
ground surface displacements for the prolate (red), sphere (blue) and oblate (green) sources in the six reference sites. The actual location of the site
corresponds to the position of the paleoenvironmental data. The vertical displacement for the prolate source is reported with contour lines (thick line 1-m
iso-deformation, thin line 0.5-m iso-deformation). It is worth noting the areal extent of the contour lines up to the main geological complexes around
Somma-Vesuvius: Campi Flegrei volcano to the west, Lattari Mountains to the southeast, Apennine Chain in the Campanian Plain to the northeast. Digital

Terrain Model from Tinitaly, software ArcGIS.

(over <60 years) because the ground deformation is not constant
over time. For example, the uplift velocity at Herculaneum during
each magma injection is twice the abovementioned value. The
ground surface displacements after each injection show trends
that modulate the gentle overpressure drop due to viscoelastic
effects (see slopes in Fig. 4b).

Magma storage pressure can be constrained by melt inclusion
studies as described in “Methods”, while the overpressure gen-
erated by the mafic magma injections is constrained by FEM.
Although the three models attain similar residual misfits in terms
of ground deformation, the differences for the three analysed
cases in terms of overpressure are larger, with important volcanic
hazard implications. The end member overpressures are of 50
and 100 MPa (with a factor 2) for the oblate and prolate cases,
respectively (Table 2). Considering that ground deformation is
one of the main surveillance parameters at active volcanoes, it is
not straightforward to identify a direct relationship between
deformation and the characteristics of future eruptions. In fact,
the relationship is complicated since different magma reservoir
shapes can cause similar ground deformations while having sig-
nificantly different magma overpressures. This, in turns, may lead
to different eruption styles and also to different erupted (or
eruptible, in case of a future event) magma volumes>!~>3. Clearly,
the eruption probability, style and size depend on several factors
including magma overpressure, volatile elements content, magma
reservoir depth, and regional/local stress regime>4>°.

Therefore, it is not possible to directly associate the ground
deformation to a specific eruption style and size, or infer how
close the reservoir is to its wall failure only based on this sur-
veillance parameter. The involved overpressure has a first-order
role in eruption probability and eruption evolution, because not
all overpressure values lead to eruption nor, in case, to the same
type of eruption. With reference to the 79 CE Plinian eruption,
given the magma water content and magma recharge rate,
and the initial magma volume of ~1km? growing to 4.4 km3,

thermo-mechanical simulations suggest that pressures within
150-250 MPa imply favourable conditions to long-lived and
eruptible bodies>2. Below these values, the reservoir conditions
are favourable to volcanic eruptions, but the magmatic system
cannot build up to a significant size, while above are favourable to
large plutonic bodies. The magma storage pressure in the
upper part of the reservoir is constrained to be 175-200 MPa
(“Methods”), which coupled with the modelled overpressures
gives a value of pressure favourable to large volcanic eruptions.
Given the same final magma volume achieved and similar ground
deformation pattern, the prolate magma reservoir shows an
overpressure build up more likely to the achievement of an
impending eruption state. It is worth remarking that the entire
overpressure range from the simulations (50-100 MPa) implies
favourable conditions for dyke nucleation feeding a silicic
eruption*>°%57 Such nucleation also depends on the internal
thermodynamic state and tectonic conditions of the reservoir!®->0.
A direct implication of these simulations for volcanic hazard
assessment is that it is not possible to hypothesise the achieve-
ment of the stress limit of the magma reservoir walls, due to the
lack of information on its actual source shape.

It is worth noting that complex models were implemented in
the present work, in order to also include the topography and
non-homogeneous viscoelastic properties of the medium. On the
other hand, the number of parameters used in the simulations
was limited, considering the medium elastically-homogeneous
and with two viscosities, one for the thermo-metamorphic shell
and the other for the host rocks. However, these models are not
unique and other configurations may be equally possible, also
considering the uncertainties associated to an eruption of 2000
years ago. For example, the calculated overpressures may result
overestimated and might be lowered by introducing a thermal
model impacting on the interplay between the overpressure and
stress evolution®8, Conversely, the presence of a poroviscoelastic
crystal mush in the reservoir might cause a prolonged
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deformation, and consequently lower overpressures might be
required to achieve the same final volume>.

In the present work, it is shown an example of how a well-
studied past eruption can help improve the interpretation of the
unrest features at active explosive volcanoes, particularly those
like Vesuvius that may repeat, based on their volcanological
history, a Plinian or in general a large-scale (including sub-Pli-
nian) eruption. These considerations on the uncertainty of the
actual magma reservoir shape and related effects should be taken
into account in the surveillance activities. Indeed, a consequence
of the present modelling results is that even significant ground
deformations may not lead to an eruption. However, it is also true
that such deformations may at the same time lead to an eruption,
meaning that the actual time span for an eruption to become
irreversible can be much shorter than each recharge event of the
magma reservoir, i.e. « 60 years for the modelled 79 CE eruption.
It is worth noting that the major earthquake occurred in 62 CE at
Vesuvius (M = 5.1) was not followed by immediate eruption; the
latter occurred 17 years later. In contrast, for the 3.6 ka “Minoan”
Plinian eruption of Santorini (Greece), one (or more) major
destructive earthquake(s) occurred <1 year before the phreato-
magmatic opening phase®. For example at Tenerife (Spain),
timescales from a month to hours have been inferred for magma
mixing to occur prior to sub-Plinian to caldera-forming
eruptions®l. This is in agreement with Balcone-Boissard
et al.1”, who have found that magma mingling might have shal-
lowly occurred in the feeder conduit of the 79 CE eruption. At
Kizimen (Russia), timescales of ~1.5 years have been found for
magma mixing to occur prior to an extrusive-explosive eruption,
in concomitance with a seismic crisis, then the reservoir was
destabilised®2. For the “1631” sub-Plinian eruption of Vesuvius, it
has been reported by historical chronicles (without quantifica-
tion) that a significant and visible uplift of the crater bottom
occurred about a month before the eruption, while various
intracrateric rockfalls started about a year earlier®3. By further
widening discussion, at Kilauea (United States) which is a volcano
very different from Vesuvius, timescales of ~3 months have been
found for unrest and inflation to occur prior to a lava fountaining
eruption, while the magma recharge into the reservoir started
even well before®®. At Krafla (Iceland), another volcano different
from Vesuvius, magma accumulated in the reservoir generating a
ground inflation for timescales usually <1 year before having
dykes propagation in basaltic fissural eruptions®®. At Chaitén
(Chile), timescales <1 year have been found for ground defor-
mation to occur prior to the sub-Plinian phase of a complex
rhyolitic eruption ended with a dome extrusion, which was driven
by a combination of magma buoyancy and overpressure®®.

From the surveillance viewpoint at active volcanoes, the classical
multiparametric monitoring networks should therefore be com-
plemented with techniques, physics-based and event tree models
aimed at forecasting the possible impending eruption state related
to dyke propagation?44407, as well as forecasting the eruption style
and size on time>>2°368 It is known that ground deformation
generally accompanies subsurface gravity variations due to magma
intrusion. However, the deformation-gravimetric relationships are
not direct because depend on a number of factors, including
magma reservoir shape and magma compressibility®®. In general,
larger gravity variations are typical of oblate sources, while prolate
and sphere sources yield more similar variations to each other (at
the same conditions). Such variations are larger in proximal
areas®, similarly to the vertical displacement patterns simulated
(Fig. 4a). Geophysical studies of the seismic structure underneath
Vesuvius reveal several important features, both at shallow depth
and down to 15km’%7! In particular, a high-Vp and high-Vs
body located at 3-5km depth can be interpreted as unerupted
solidified fractionated material, which accumulated in a shallow-

intermediate reservoir. On the other hand, from receiver function
analysis, there is evidence of a low-V's zone between 5.5 and 8.5 km
depth”!, compatible with a fluid-phase stockage volume at the
same location of the reservoir modelled in the present work, and in
agreement with petrological studies’2. Such volume is therefore
still present and large enough to be capable of future eruptions, but
this will also depend on the evolving magma reservoir shape. In
light of the present work, the large-scale eruption of Hunga Tonga-
Hunga Ha’apai (Tonga) occurred on 15 January 2022 confirms
that the absence of precursory evidence is not an evidence of
precursory absence, and that the monitoring-modelling-
volcanological integrated approach at active volcanoes is the key
for short- to long-term eruption forecasting.

Conclusions

As the differently-shaped (prolate, spherical, oblate) modelled
reservoir grows and builds up its overpressure, the time-
dependent uplift values are not drastically different among
shapes, while the overpressure values differ significantly and these
directly affect the eruption probability. This implies that some
switch to the impending 79 CE eruption state might have
occurred on the short-term, giving a few pre-alarm to people still
populating the Vesuvius area until the first eruption phases. More
data (historical, geomorphological and geochemical) will even-
tually refine a retrospective forecasting for this Plinian eruption.
On the other hand, geophysical (tomographic, gravimetric), vol-
canological and geochemical/petrological integrated studies are
necessary on the long-term to better understand the current
geological structures (including magma reservoir shape) under-
neath Vesuvius prior to the next eruption. It is to remark the
importance of multiparametric surveillance at active volcanoes
like Vesuvius, as this work is applied to investigate the ground
deformation, but a combination with other surveillance para-
meters (e.g., seismic, geochemical) is necessary to forecast an
impending eruption state on the short-term.

Methods

Magma reservoir and magma recharge. The total volume of the magma emitted
during the 79 CE Plinian eruption has been estimated at 4.4 km? Dense Rock
Equivalent (DRE), of which ~1 km? was erupted as white pumices, ~2.7 km? as
grey pumices and ~0.7 km? as phreatomagmatic products!®’3. Doronzo et al.” have
recently calculated an extra volume of 0.5 km? over the grey pumices, by including
ultra-distal findings of the 79 CE cryptotephras recognised in Sicily and in the
Adriatic Sea, and off the coast of Crete. A main stratigraphic feature of the 79 CE
fallout deposits emplaced during the Plinian phase is a marked change of chemical
composition and juvenile clast density passing from the white (EU2f) to the grey
(EU3f) pumices’475. The white pumices are K-phonolitic (~56% SiO,, ~9% K,0)
and have a density of ~600 kg/m?, while the grey pumices are K-tephri-phonolitic
(~54% SiO,, ~8% K,0) and have a more variable density ranging from ~500 to
1300 kg/m38. Such variations have been ascribed to a compositional zonation of the
79 CE magma reservoir® which, along with variations of volatile contents, were
responsible for fluctuations of the eruption column height and magma discharge
rate’4,

Cioni et al.® and Balcone-Boissard et al. have established the temperatures of
the two chemically-distinct magmas involved in the 79 CE eruption. The more
felsic magma (white magma) was at a temperature of ~850 °C, while a more mafic
magma entering the reservoir system was at a temperature of ~1000-1200 °C. The
coexistence of the two magmas possibly produced a thermal zonation in the
magma reservoir imposed by the presence of the felsic magma at the top of the
reservoir, and by repeated injections of the deeper and more mafic magma’®”’.
The grey pumices resulted from syn-eruptive mixing of these two (felsic and mafic)
end member magmas, giving rise to the grey magma®. The white and grey magmas
also differ in terms of vesicularity and crystallinity as a consequence of the ascent-
driven degassing, as identified by textural studies®’®. Cioni et al.”> have estimated
that during the different phases of the eruption ~25-30% of the total magma was
erupted as white pumices, while ~70-75% as grey pumices, and also that the white
pumices resulted from tapping of a pre-existing k-phonolitic (white) magma as a
possible residue of the “Avellino” Plinian eruption. The grey magma had a K-
tephri-phonolitic composition, variable 87Sr/80Sr isotopic ratio (0.70748-0.70757),
high temperature (1000-1100 °C), low dynamic viscosity (150-170 Pas), and
relatively high density (2350-2400 kg/m?). Similar results have been obtained by
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Marianelli et al.”6, who analysed Melt Inclusions (MIs) in olivine and diopside
crystals from the products of various Vesuvius eruptions.

Balcone-Boissard et al.l7 have focused on the pumice-fallout deposits formed
during the 79 CE eruption (EU2f and EU3f). These authors performed several
estimates of H,O content in MIs using the “by difference” method, and compared
the results with those available in the literature obtained by different techniques
(FTIR, SIMS). In such pyroclastic products, the sanidine crystals display the most
differentiated MIs composition, and have H,O contents ranging from 3.5 to 6.5 wt
%. The major elements content of MIs in pyroxene crystals spans a wider range,
which extends towards poorly differentiated melt composition, featured by H,O
contents ranging from 1 to 5wt%. MIs in leucite crystals display the lowest H,O
content, that is 0.7-2.6 wt%. These data have been interpreted as evidence of
shallow syn-eruptive magma mingling between the felsic and mafic magmas during
ascent in the feeder conduit. Balcone-Boissard et al.!” have suggested that the felsic
magma was stored in the upper part of the reservoir and saturated at pressures of
175-200 MPa, corresponding to ~7.5 km depth, considering an H,O content of
5 wt%. Similar results have been obtained by considering Cl solubility’? and bulk
MgO content!3. The mafic magma was stored just below the felsic one, but no
constraints have been given on the vertical extent of the deeper reservoir. Cioni
et al.”> have suggested an ellipsoidal or cylindrical geometry and a minimum
volume of ~5km? for the magma reservoir that fed the 79 CE Plinian eruption,
taking into account ~0.6 km? of unerupted mafic cumulates; the suggested vertical
extent of the reservoir is 1 to 1.5 km.

Assuming that fractional crystallisation, dissolution-regrowth, recharge and
mixing all occurred before the 79 CE eruption, the timescales of such processes can
be determined by investigating diffusion profiles within individual crystals. Morgan
et al.”7 have identified distinct recharge events based on abrupt changes in Barium
concentration at the rim of the zoned sanidine crystals. The two most recent of
these events could have occurred 15 and 20 years before the eruption, while other
two events 30 and 80 years before, suggesting that at least four episodic magma
recharge inputs occurred at Vesuvius in the last century prior to this Plinian event.
From the seismic viewpoint, at least three major earthquakes have been described
in historical chronicles; these occurred in 37 CE (M = 4.0-4.5), on 05 February 62
CE (M =5.1), and in 64 CE (M = 3.5-4.0)33, Therefore, at least one of those
recharge events might have been related to the 62 CE seismic event’’, possibly
causing local high stress levels in the crust as documented by the intense pre-
eruption seismic activity. A significantly higher frequency of relatively small
seismic events (with respect to background) might have occurred some weeks to
months before the 79 CE eruption®. Geochemically, a pre-eruption degassing of S
and CO, might have occurred on the long-term, with a few tens of Mt over the
total recharge period”?. However, given the available data on this past eruption, not
more (e.g., quantitative seismic frequency, daily degassing fluxes) can be stated for
a retrospective forecasting of the eruption.

Volcanological studies have highlighted the occurrence of at least six eruptive
events in the time span between the two last Plinian eruptions of Vesuvius
(“Avellino” to “Pompeii”), which are the AP1-6 eruptions’. These eruptions were
fed by magmas chemically similar to the last erupted magma during the “Avellino”
eruption, as well as to the first erupted (white) magma during the “Pompeii”
eruption. Considering this, it may be assumed some AP6 magma as the possible
residue in the reservoir feeding the 79 CE eruption. Therefore, the cumulative
recharge period can reasonably be assumed in between the AP6 (217 BC)!4 and 79
CE eruptions. In order to configure the models and for the sake of simplicity, a full
period of 300-years recharge and five discrete recharge events (one every 60 years,
including the AP6-derived first one) were thus considered. It was not possible to
exactly synchronise the recharge events of Morgan et al.”” with the historical
seismic events, also because the latter were obviously not recorded by instruments.
Such simplification does not preclude the goal of the modelling, which is to
compare different magma reservoir shapes and their effects, given the 300-years
recharge and the 79 CE erupted magma volume. The simplified frequency of
recharge in the models is not surprising?, and has to be considered as long-lasting
with respect to the much shorter switch to the impending state of a large-scale
eruption (see main text).

FEM simulations of the magma reservoir. FEM models were developed con-
sidering three scenarios in which the magma reservoir is centred at 7.5 km depth,
and assuming three different shapes with the same initial volume of 1.1 km3: (1) a
prolate spheroid with aspect ratio 1:3; (2) a sphere with aspect ratio 1:1; and (3) an
oblate spheroid with aspect ratio 3:1. These are end-member and simplified con-
figurations among the possible ones, and are representative of early stages of the
magma reservoir. Their specific characteristics are reported in Table 2. The FEM
models are 3D axi-symmetrical and include the average eastward topographic
profile of Mount Somma from the central crater at easting 451.6 Km and northing
4519 Km UTM zone 33. The topography of the post-AP6 and pre-79 CE eruptions
edifice is not exactly known, but this does not preclude the interpretation of the
FEM modelling results. Such topography reaches 1220 m a.s.l, and approaches
70-80 m altitude at a distance of 7-8 km from the symmetry axis. The computa-
tional domain is 50 km x 50 km and is made of 3158 quadrilateral elements, it has
an axi-symmetrical geometry and a resolution of 100-150 m close to the source and
to the prominent surface topography, and degrading to the periphery. The bottom
of the domain has zero vertical displacements as boundary condition.

Under the crustal conditions of long-term recharge, the rock rheology can be
represented by a viscoelastic body®? to describe the non-instantaneous viscous
stress response. The viscoelastic rheology of the magma reservoir walls controls the
stress distribution and therefore the overpressure accumulation on the wall rocks,
preventing dyke nucleation3°¢. The FEM medium was defined as viscoelastic
(Maxwell model), with a shell of 2-km radius around the magma reservoir centre.
Such shell could have developed during thermo-metamorphic processes that
affected the host rocks for a long time before the 79 CE eruption. Thermo-
metamorphic assimilation and solidification of the mafic magma entering the
system took place within this shell surrounding the reservoir. The viscoelastic
medium is capable of accommodating the sudden arrivals of new magma in the
reservoir. The host rock viscosity beyond the shell boundary was assumed equal to
108 Pa s (typical crustal value for volcanic areas, and specifically constrained by
post-seismic relaxation in the region)®1-82, while the ductile shell was characterised
by a viscosity of 101> Pa s83-85, This latter value is in agreement with the
temperature-dependent viscosity from the Arrhenius formulation:

1= Ape®/RD o

where Dorn parameter Ap = 10 Pass, activation energy E=1.2x 105 J mol 186,
and R is the universal gas constant (8.314 J mol~! K~1), considering a
temperature of 1250 K (corresponding to 977 °C) for the mafic magma. In order
to limit the unknowns, the elastic parameters of the models are homogeneous
(Table 1), with Young modulus equal to 10 GPa and Poisson coefficient equal to
0.255:45,52

In the three simulations, the initial volume of the magma reservoir was 1.1 km3,
representing the felsic differentiated magma®!°. This magma is considered as the
possible residue of the magma that fed the AP6 eruption’’, and was emplaced at
crustal depth ~300 years before the 79 CE eruption. The magma reservoir was
progressively recharged by the mafic magma, following the petrological and
stratigraphic reconstructions®. Such mafic inputs were discrete events in agreement
with Morgan et al.”7, instead of steady-state supply’>. Based on the petrological and
volcanological indications, five magma inputs were considered in the FEM models
as refilling of the post-AP6 reservoir, following the results of the diffusion
chronology. Each single magma injection was considered to last for a few years,
causing sudden increase of the magma reservoir volumes. The reservoir walls were
subjected to a stress build up that was only partially recovered soon after the end of
the injection and until a new input took place. Based on the volume of the 79 CE
pyroclastic deposits and their density, the constraint of the simulations is final
volume of the magma reservoir prior to the eruption, at least 4.4 km3, and the
overpressure of each model scales accordingly as reported Table 2. We used the
MSC-Marc® software to carry out the FEM simulations. The final volume variation
was computed by numerical axi-symmetrical integration given the final source
boundary. The simulation results were constrained with archaeological data of the

pre-79 CE uplift in the Vesuvius area®”.

Data availability
All archaeological data used for constraining the models are provided in the paper. The
data are also available at https://doi.org/10.5281/zenodo.7970464.

Code availability
MSC-Marc® software was used for this work and is commercially available. The elastic
parameters of the models were used to calculate numerically the uplift results.
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