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Abstract

The Campi Flegrei caldera volcanic system is
certainly a remarkable case study of magma
chamber dynamics. Its magmatic and volcanic
history appears to have been largely driven by
magma chamber processes like fractional
crystallisation, magma mixing, and volatile
degassing. These processes have been inten-
sely investigated with a variety of approaches
that are described in many chapters of this
book, and more specifically, in Chaps. An
Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by  Petrochemical  Data;
Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy)
and Their Influence on Mixing Processes. In
this chapter, physical modelling and numerical
simulations are employed in order to study the
dynamics of magma convection and mixing in
a vertically extended, geometrically complex,
compositionally heterogeneous magmatic sys-
tem representing a schematic simplification of
an overall picture emerging from previous
studies at Campi Flegrei caldera. Although
clearly an idealisation, a number of first order
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characteristics of possible real magmatic sys-
tems at Campi Flegrei caldera are accounted
for. They include the more chemically
evolved, partially degassed nature of magmas
emplaced at shallow depths, and the likely
occurrence of multiple reservoirs with different
depth, size and shape which can be connected
at certain stages during system evolution. If
that happens, deeper, CO,-rich magmas may
rise and rejuvenate the shallow magmas.

1 The Magmatic System
of the Campi Flegrei Caldera

The Campi Flegrei caldera (CFc) is the dominant
feature of the Campi Flegrei volcanic field
(Chap. Volcanic and Deformation History of the
Campi Flegrei Volcanic Field, Italy). It is a com-
plex, nested structure formed by the Campanian
Ignimbrite (CI; ~40 ka) and the Neapolitan
Yellow Tuff (NYT; ~ 15 ka) eruptions (Orsi et al.
1992, 1996; Chap. Volcanic and Deformation
History of the Campi Flegrei Volcanic Field, Italy
). The NYT caldera has been the site of an intense
volcanic and deformation activity (Orsi et al.
1996, 1999, 2004; Di Vito et al. 1999; Smith et al.
2011; Chap. Volcanic and Deformation History of
the Campi Flegrei Volcanic Field, Italy). Vol-
canism has generated no less than 70 eruptions,
among which Agnano-Monte Spina (4,482-
4,625 cal. years BP; de Vita et al. 1999; Arienzo
et al. 2010; Smith et al 2011), Minopoli 2
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(~11 ka; Di Vito et al. 1999; Di Renzo et al.
2011; Tomlinson et al. 2012) and Fondo Riccio
(~11 ka; Di Vito et al. 1999; Di Renzo et al.
2011; Tomlinson et al. 2012).

The magmatic system of the CFc can be
reconstructed based on information from various
geophysical surveys as well as analyses of
eruptive products of past eruptions, as detailed in
Chaps. Seismic and Gravity Structure of the
Campi Flegrei Caldera, Italy; An Evolutionary
Model for the Magmatic System of the Campi
Flegrei Volcanic Field (Italy) Constrained by
Petrochemical Data; Origin and Differentiation
History of the Magmatic System Feeding the
Campi Flegrei Volcanic Field (Italy) Constrained
by Radiogenic and Stable Isotope Data;
Tephrochronology and Geochemistry of Tephra
from the Campi Flegrei Volcanic Field, Italy;
Rheological Properties of the Magmas Feeding
the Campi Flegrei Caldera (Italy) and Their
Influence on Mixing Processes. Analyses of
seismic records allow us to infer the position and
location of fluids within the host rock (Judenherc
and Zollo 2004; Zollo et al. 2008; De Siena et al.
2010; Masterlark et al. 2010; Chouet and Matoza
2013). A seismic reflection horizon at around
8 km depth possibly identifies the top of a par-
tially molten region, probably as wide as some
tens of kilometres in the horizontal direction,
most likely representing a magmatic sill (Juden-
herc and Zollo 2004; Zollo et al. 2008; Pap-
palardo and Mastrolorenzo 2012).

A variety of observations suggests that small
batches of magma have been forming throughout
the caldera history (De Siena et al. 2010; Di
Renzo et al. 2011). Crystallised magma bodies,
sized less than 1 km?, have been recognised by
processing offshore seismic lines, at depths
ranging between less than 1 and 6 km (Piochi
et al. 2014). Fluid-rich batches interpreted as
partially molten magma have been identified by
seismic attenuation tomography in the same
depth range (De Siena et al. 2010). Recon-
structed phase equilibria for the Agnano-Monte
Spina eruption, as well as H,O and CO, contents
in melt inclusions from Minopoli 2, Fondo Ric-
cio, and Agnano-Monte Spina confirm that
magmas had been residing at all depths less than
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about 9 km (Roach 2005; Mangiacapra et al.
2008; Arienzo et al. 2010; Piochi et al. 2014;
Astbury et al. 2018; Chaps. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy; Seismic and Gravity
Structure of the Campi Flegrei Caldera, Italy;
An Evolutionary Model for the Magmatic
System of the Campi Flegrei Volcanic Field
(Ttaly) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data). Small, shallow magma
bodies have been identified as actively involved
in past eruptions, which at least in some cases
shortly followed the arrival of volatile-rich, less
differentiated magmas from greater depth
(Arienzo et al. 2009, 2010; Fourmentraux et al.
2012; Astbury et al. 2018; Chaps. An
Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by Petrochemical Data; Origin and
Differentiation History of the Magmatic System
Feeding the Campi Flegrei Volcanic Field (Italy)
Constrained by Radiogenic and Stable Isotope
Data). Preferential pathways for magma ascent
have often been related to caldera structures
(Akande et al. 2019).

The composition of the erupted products
ranges from shoshonitic to trachytic to phono-
litic; geochemical analyses on melt inclusions
suggest a variety of processes during inter-
eruptive periods including magma recharge,
intra-chamber mixing, and entrapment of phe-
nocrysts left from previous eruptions (Arienzo
et al. 2010; Forni et al. 2018; Chaps. An
Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by Petrochemical Data; Origin and
Differentiation History of the Magmatic System
Feeding the Campi Flegrei Volcanic Field (Italy)
Constrained by Radiogenic and Stable Isotope
Data).

From all the above, a schematic picture of the
CFc magmatic system can be derived (Fig. 1). It
includes the deep magmatic sill containing the
poorly evolved, CO,-rich shoshonitic magma;
and more or less persistent features, such as
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Fig. 1 Scheme of the shallow magmatic system beneath the Campi Flegrei caldera. Figure modified after Akande et al.

(2019)

dikes, fractures or conduits, possibly related to
caldera structures, linking the deep reservoir to
shallower, degassed, more crystal-rich batches of
magma. Shallower reservoirs contain magmas
with compositions from trachyte to phonolite.
Mingling and mixing of shallow magma with
others coming from depth is thought to be a
recurrent process in the CFc volcanism, often
invoked as the main trigger of past eruptions
(Arienzo et al. 2011; Fourmentraux et al. 2012;
Astbury et al. 2018; Chaps. An Evolutionary
Model for the Magmatic System of the Campi
Flegrei Volcanic Field (Italy) Constrained by
Petrochemical Data; Origin and Differentiation
History of the Magmatic System Feeding the
Campi Flegrei Volcanic Field (Italy) Constrained
by Radiogenic and Stable Isotope Data). Eruptive
products preserve the signature of such pro-
cesses, and provide clues about the time scales of
mixing, that in most cases appear to last only
hours to days before the eruption (Perugini et al.
2010, 2015a, b; Morgavi et al. 2017;

Chap. Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy) and
Their Influence on Mixing Processes). The
regional and/or local stress regimes allow the
deep magmas to rise to shallow levels, either
along established pathways or cracking the host
rocs and creating new ones (Orsi et al. 1996,
1999). When the rising magma encounters a
molten or partially molten region, the residing
magma gets rejuvenated and mixes with the
incoming one (Bachmann and Bergantz 2003).
At CFc, magmas rising from depth are typically
rich in gas, especially CO, (Mangiacapra et al.
2008; Arienzo et al. 2010; Moretti et al. 2013).
When such magmas reach an already established
reservoir where more dense and viscous magma
resides, they tend to rise under the action of
buoyancy forces. The compositionally different
magmas mix first physically, and, on longer time
scales, chemically, producing intermediate com-
positions (Arienzo et al. 2009; Tonarini et al.
2009; Perugini et al. 2010; Di Renzo et al. 2011).
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2 Physical Model for the Campi
Flegrei Caldera Magmatic System
2.1 Magma Chamber Processes
Magma chamber dynamics is governed by a
variety of microscopic and macroscopic physical
and chemical processes, which range from peri-
odic magma injections, to mixing and mingling
of different magmas, to magma differentiation
due to crystal fractionation and melt segregation,
to heat and mass transfer between the phases and
with the surrounding rocks, to interaction with
the host rock and its tectonic stresses (Sigurdsson
et al. 2015). The quantitative study of magma
dynamics is complicated by the uncertainties
about the characteristics of the magmatic system,
which is out of direct observation. Nevertheless,
all of the aforementioned processes bear conse-
quences on the state of the reservoir, which can
be inferred by analysing either the petrological
records (e.g., Perugini and Poli 2012) or the
geophysical signals indicating movement at
depth (e.g., Bagagli et al. 2017).

A precise understanding of the physics of
magmatic reservoirs is still lacking (Cashman
et al. 2017). Magma is a multi-phase, multi-
component fluid and as it rises and stalls in the
Earth’s crust it encounters very different pressure
and temperature conditions, as well as stress and
strain, that determine the phase assemblage and
its evolution in space and time. The thermody-
namics and fluid dynamics of such a mixture are
quite complex as they involve phase changes
between melt, gas and crystals, which in turn
contribute to determine the physical and rheo-
logical properties governing its motion (Bach-
mann and Bergantz 2006; Degruyter and Huber
2014; Parmigiani et al. 2014; Bergantz et al.
2015; Montagna et al. 2015; Papale et al. 2017).

It is more and more commonly being assumed
that the typical magmatic reservoir comprises a
highly crystalline mushy region, and possibly a
smaller, melt-rich portion at its top (Schleicher
and Bergantz 2017; Cashman et al. 2017). Long-
lived magma chambers can slowly solidify and
originate mush zones that are dominated by
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crystals (Pistone et al. 2017). The relative
importance of the mushy with respect to the
melt-dominated regions in determining the evo-
lution of the system is hard to assess, as is the
relative volume and mass ratios of the two.
Models that describe magma chamber dynamics
have either focussed on one or the other of the
two regimes (Bachmann and Bergantz 2006;
Montagna et al. 2015; Papale et al. 2017);
moreover, to model the mushy region different
approaches have been used, from fluid-like to
porous flow, to brittle fracturing (Parmigiani
et al. 2014; Carrara et al. 2019).

Convection, mingling and mixing are among
the most common processes in melt-dominated
as well as mushy reservoirs (Schleicher and
Bergantz 2017; Morgavi et al. 2017), but their
features can significantly differ among the two
(Parmigiani et al. 2014; Montagna et al. 2015).
Mingling refers to mechanical mixing of two or
more batches of magma, without chemical
exchanges between them; on the contrary, mix-
ing involves chemical exchanges whereby ele-
ments diffuse according to compositional
gradients (e.g., Flinders and Clemens 1996).

One of the first numerical models for mixing
of incompressible homogeneous magmas due to
diffusion and thermal-compositional convection
was developed by Oldenburg et al. (1989, and
references therein). Diffusive convection can be
originated by both thermal and compositional
gradients, that give rise to a boundary layer
instability developing on time scales that, for
typical magmatic systems, are on the order of
years to thousands of years, depending mostly on
the viscosities of the magmas involved (Spera
et al. 1982).

On the other hand, mingling in melt-
dominated reservoirs (e.g., Andersen et al.
2019; Gualda et al. 2019) can be originated by
Rayleigh—Taylor instability as a volatile-rich
magma reaches a degassed reservoir (Ruprecht
et al. 2008). This process can happen on much
shorter time scales, on the order of hours to days
(Montagna et al. 2015). Over such short time
spans, the interacting magmas are effectively
immiscible, and chemical diffusion is negligible,
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albeit a limited amount of numerical diffusion is
inevitably present (Longo et al. 2012a).

2.2 Models of Magma Dynamics

The physical model in Longo et al. (2012a)
describes the time-dependent dynamics of a
multicomponent mixture consisting of liquid (or
crystal suspension) in thermodynamic equilib-
rium with an HO + CO, gas phase at the local
conditions of pressure, temperature and compo-
sition. The model can handle both compressible
and incompressible flows, therefore it is partic-
ularly apt to solve for magmatic mixtures char-
acterised by a very low compressibility at depth,
where most volatiles are dissolved in the melt,
that increases at shallower depths as volatiles
begin to exsolve. The numerical algorithm used
in the solution of the conservation equations is
based on an extension of the finite element for-
mulation by Hauke and Hughes (1998) to include
multicomponent fluids (Longo et al. 2006),
allowing the investigation of processes involving
mixing of fluids, chemical changes, and phase
transitions. The algorithm consists of a space—
time discretisation with Galerkin least-squares
and discontinuity capturing terms, with third
order accuracy in time and space. This method
allows the simulation of both compressible and
incompressible flow dynamics (Shakib et al.
1991; Chalot and Hughes 1994; Hauke and
Hughes 1998), and it is effective in stabilising the
numerical solution without introducing excessive
numerical diffusion. A large number of problems
can be solved, such as natural and forced con-
vection, shock waves and their interaction with
contact discontinuities, evolution of internal
interfaces in incompressible or compressible
flows, and bubbly flows with evaporation or gas
dissolution. All of these processes are relevant
for magmatic systems, and the model has been
successfully applied to obtain significant results
on magma reservoir dynamics in different mag-
matic settings including basaltic, andesitic and
dacitic systems (Longo et al. 2012b; Montagna
et al. 2015; Papale et al. 2017; Garg et al. 2019).
The conservation equations for the mass of single
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components and momentum of the whole mix-
ture, together with the gas—liquid thermodynamic
equilibrium model and the constitutive equations
for mixture properties (density and viscosity), are
discretised and solved for the primitive variables
pressure, velocity, temperature, and concentra-
tion of components. Magmas are described as
ideal mixtures with components that may be
either in the liquid or gaseous state, with
instantaneous phase change according to the non-
ideal multicomponent H,O + CO, saturation
model of Papale et al. (2006). Gas bubbles are
assumed to be non-deformable, a good approxi-
mation if the bubble size is smaller than ~ 10
m (Marchetti et al. 2004). This corresponds to a
gas volume of 5-50% for bubble number densi-
ties in the range 10" to 10'> m—>. Such small
bubble sizes justify the gas—melt coupled flow
assumption, as well as the equilibrium thermo-
dynamics (Burgisser et al. 2005; Yoshimura and
Nakamura 2011). The role on the relevant
properties (density and viscosity) of dissolved
water and of the dispersed gas and solid phases,
and the mutual roles of H,O and CO, in affecting
their saturation contents, are accounted for.
Mixture density is calculated using the Lange
(1994) equation of state for the liquid phase, real
gas properties and standard mixture laws for
multiphase fluids. Mixture viscosity (under the
assumption of Newtonian rheology) is computed
through standard rules of mixing (Reid et al.
1977) for one-phase mixtures and with a semi-
empirical relation (Ishii and Zuber 1979) in order
to account for the effect of non-deformable gas
bubbles. Liquid viscosity is modelled as in
Giordano et al. (2008), and it depends on liquid
composition and dissolved water content.

The solid phase (suspended crystals) can be
taken into account in the computation of mixture
properties (density and viscosity). Nevertheless,
in the models shown here the magmas are
assumed crystal-free as most erupted products
with the compositions used have been found to
have very little phenocrysts (Mangiacapra et al.
2008). The model is meaningful for melt-
dominated, crystal-poor magma reservoirs,
which is expected to be the case for many
eruptions at Campi Flegrei (Di Renzo et al. 2011;
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Forni et al. 2018; Chaps. An Evolutionary Model
for the Magmatic System of the Campi Flegrei
Volcanic  Field (Italy) Constrained by
Petrochemical Data; Origin and Differentiation
History of the Magmatic System Feeding the
Campi Flegrei Volcanic Field (Italy) Constrained
by Radiogenic and Stable Isotope Data). A crys-
tal-rich, mushy region is also hypothesised to
have been involved in the CI eruption (Forni
et al. 2018); this work focuses on smaller erup-
tions that have not been energetic enough to tap
the crystal-rich regions of the reservoirs.

The magmatic system of CFc is approximated
as isothermal: temperature differences inferred
from melt inclusion data are negligible (Man-
giacapra et al. 2008), and solving the dynamics
for an isothermal system greatly reduces com-
putational needs as the energy conservation
equation does not need to be solved. The effects
of wall cooling can be neglected on the very
short time scales analysed here (Sect. 4).

2.3 Modelling the Magmatic System
of the Campi
Flegrei Caldera

In order to understand the dynamics of magmas
beneath the CFc, the magmatic system is sim-
plified to retain its most essential features. The
specific aim is to explore the mixing process, and
the dependence of its efficiency and time scales
on the simulation conditions. Other details on the
time scales, the evolution of pressure in the dif-
ferent portions of the magmatic system as well as
the ground deformation signals related to the
dynamics described here are analysed in separate
studies (Montagna et al. 2015, 2017; Bagagli
et al. 2017; Morgavi et al. 2017; Papale et al.
2017).

The model describes the injection of CO,-
rich, shoshonitic magma coming from a deep
reservoir into a shallower, much smaller cham-
ber, containing more evolved and partially
degassed phonolitic magma. The deep reservoir
is schematised as a sill; the geometry of the
shallow chamber has been varied from oblate to
prolate in a set of simulations, as shown in
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Fig. 2. Initial conditions for the simulated cases
are reported in Table 1.

The top of the deep reservoir is at 8 km depth,
and its horizontal and vertical semi-axes measure
4 km and 0.5 km, respectively. The shallow
reservoir has its top at 3 km depth below the
surface; its surface area is kept to 0.25 x 10° m>,
representing a volume of magma in the order of a
few tenths of km® (Chaps. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy; Seismic and Gravity
Structure of the Campi Flegrei Caldera, Italy;
An Evolutionary Model for the Magmatic
System of the Campi Flegrei Volcanic Field
(Italy) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data; Source Modelling from
Ground Deformation and Gravity Changes at the
Campi Flegrei Caldera, Italy). The oxides com-
position of the two magmas is detailed in
Table 2.

At the initial time, the two magmas are placed
in contact at the bottom of the shallow chamber
(top of the feeding dyke; Fig. 2). Because of the
higher volatile content, thus lower overall density
of the deeper magma, the system is gravitation-
ally unstable. Therefore, the deep magma tends
to rise into the shallow chamber, pushing the
resident magma down through the feeding dike.

The initial condition aims at reproducing the
effects of chemical processes such as composi-
tional evolution and degassing, which contribute
to a density increase in the shallow regions of a
spatially extended, interconnected magmatic
system (e.g., Kazahaya et al. 1994), possibly
through permanently open pathways (e.g., Di
Renzo et al. 2011). As such a system is expected
to be in continuous evolution, any choice of
initial conditions would be equally arbitrary,
therefore the extreme case is explored here,
where buoyancy forces are most effective and
acting at shallow chamber inlet. Analysis of
results focuses on the long-term dynamics,
neglecting the transient dictated by the choice of
initial conditions.
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. phonolite

shoshonite

Fig. 2 The whole simulated system alongside the three
different geometrical settings for the shallower magma
chamber at the Campi Flegrei caldera. Top: horizontally

Table 1 List of simulations and their initial conditions

Simulation No.

Assumed initial
conditions

Calculated initial
conditions

1
CO, shoshonite (wt%) 1
CO, phonolite (wt%) 0.3
H,O shoshonite (wt%) 2
H,0 phonolite (wt%) 2.5
Geometry of shallow chamber Oblate
Density contrast at initial interface 30
(kg/m®)
Gas volume at initial interface, 10
shoshonite (vol%)
Gas volume at initial interface, 5
phonolite (vol%)
Gas volume at system top (vol%) 7
Gas volume at system bottom (vol 3

%)

2
1
0.3
2
2.5
Prolate
20

Data from Montagna et al. (2015), Bagagli et al. (2017), Papale et al. (2017)
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Table 2 Oxides contents (unit fraction) for the two end-member magmas, shoshonite (Sho) and phonolite (Pho)

SIOZ T102 A1203 F3203 FeO
Sho 0.48 0.012 0.16 0.021 0.063
Pho 0.54 0.0060 0.20 0.016 0.032

Data from Montagna et al. (2015)

Different setups have been explored in order
to highlight the roles played by the geometry of
the magmatic system and by the extent of pre-
vious degassing of the shallow magma. Keeping
the upper chamber top at a depth of 3 km and its
2D cross-sectional area constant, its geometry
was varied from a sill to a circle and to a verti-
cally elongated, dike-like ellipsoid. For the two
ellipsoidal chambers, the volatile content of the
shallow phonolitic magma was also reduced to 1
wt% H,0 and 0.1 wt% CO,, compared to 2.5 wt
9% H,0 and 0.3 wt% CO, of the previous set of
simulations. The deep shoshonitic magma con-
tains in all cases 2 wt% H,O and 1 wt% CO,
(Table 1; Chaps. An Evolutionary Model for the
Magmatic System of the Campi Flegrei Volcanic
Field (Italy) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data). It is worth noting that
such quantities are total volatile amounts, and
they are distributed between liquid and gas
phases according to the local conditions and the
saturation model of Papale et al. (2006). The
simulated systems are closed, with fixed bound-
aries. The effect of wall-rock elasticity on the
chamber dynamics is neglected, as it is
assumed to cause small pressure changes with
respect to those originating from the magma
dynamics.

The system setup is two-dimensional mainly
to keep computational efforts affordable. Exten-
sion to full 3D systems should not bring about
any substantial difference in the convective pat-
terns observed: the third dimension would give
rise to different dominant modes of the Ray-
leigh—Taylor instability (Ribe 1998), thus possi-
bly modifying (either increasing or decreasing,
depending on the amplitude of the initial

MnO MgO CaO Na,O K>,O
0.0014 0.10 0.12 0.028 0.015
0.0014 0.017 0.068 0.047 0.079

perturbation) the efficiency of transport, but not
substantially (Kaus and Podladchikov 2001).

The setups shown here are based on petro-
logical and geophysical evidence, as detailed in
Sect. 1; a more rigorous exploration of parame-
ters’ space is at the moment limited by compu-
tational resources. Nevertheless, the results are
meaningful for a class of processes that have
been hypothesised to be relatively common at
CFc (e.g., Troise et al. 2019).

3 Dynamics of Magma Reservoir
Processes at the Campi
Flegrei Caldera

The simulations reveal detailed patterns of
magma convection and mixing taking place in
the upper chamber + feeding dyke domains. In
order to illustrate those patterns, a reference
simulation (corresponding to simulation no. 4 in
Table 1) is chosen, and the other cases are
described through comparison with the reference
one.

The reference simulation takes into account a
situation where the shallow chamber had previ-
ously degassed efficiently. Consequently, the
density contrast between the two magma types at
the initial magma interface is relatively large,
corresponding to about 120 kg/m>. The shallow
reservoir is horizontally elongated.

Figure 3 summarises the results in terms of
the relevant quantities—composition, density
and gas volume fraction—that are shown at four
different times up to 5 h of real time. The
dynamics is triggered by a Rayleigh-Taylor
instability, as the resident phonolitic magma has
a higher density that the shoshonite. The devel-
opment of the instability and its time scales are
independent of the volumes of intruding magmas
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Fig. 3 Snapshots of composition, density and gas volume fractions at different simulated times in the shallower part of

the system. Figure modified after Papale et al. (2017)

(e.g., Bellman and Pennington 1954; Seropian
et al. 2018).

Soon after the start of the simulation, disrup-
tion of the initial interface by buoyancy forces
produces a series of discrete plumes of light
magma rising through the shallow chamber and
reaching its top after having developed complex
velocity fields. At the same time, part of the
dense magma originally hosted in the shallow
chamber sinks into the feeding dyke. Intense
mixing originates at the dyke level, so that no
pure shoshonitic end-member can be found in the
shallow chamber; the rising plumes are rather
made of a mixture with 30 to 50 wt% deep
component. In this framework, only mechanical
mixing is considered, as chemical reactions apart
from volatile exsolution/dissolution are not

implemented in the numerical scheme. There-
fore, mixing at the scale of the simulation, with
maximum resolution in the order of 1 m, refers to
mechanical mingling rather than chemical mix-
ing. The simulated dynamics suggests a complex
pattern of convection and mixing (or mingling)
whereby the original dense magma mixes with
the volatile-rich, lighter magma coming from
depth at chamber bottom or dyke level. The
original phonolite carried down into the dyke
mixes with the shoshonite; the mixed magma is
overall lighter than the magma above it or in its
immediate surroundings, therefore part of the
initially sunk magma is carried up again into the
shallow chamber, while other portions continue
to sink down into the dyke. This complex process
originates a compositional, density, and gas
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volume stratification inside the chamber, with
maximum gas volumes at chamber top of about 6
vol%. In the meantime, the original density
contrast at chamber bottom is disrupted and a
smoother and smoother density profile is created,
so that the convective process tends to slow
down in time. Figure 4 shows the time distribu-
tion of the efficiency of convection n¢ for all
performed simulations, defined as the variation
in time of phonolite mass in the shallow cham-
ber, normalised to the initial amount so to allow
direct comparison of the different cases:

| (1) — mg (0)]
e 1 (0) (1)

In the above, mg(t) is the mass of the initially
resident phonolitic magma as a function of time.

A number of relevant aspects of the simulated
dynamics must be highlighted. First of all, in all
cases the total mass in the shallow chamber
decreases with time as a consequence of average
density decrease, due to the partial substitution of
the initial dense phonolite with the lighter gas-
rich shoshonite. In the most efficient case,
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corresponding to the reference case described
above, the total mass in the shallow chamber has
decreased by less than 2 wt% after about 5 h of
convection and mixing. Second, the efficiency of
convection increases substantially with the extent
of degassing of the magma initially residing in
the chamber (cases 1, 2 and 3 correspond to
lower degassing extent, see Table 1; Fig. 4).
Third, convection and mixing tend to slow down
with time, as revealed by the progressive
decrease of the slopes in Fig. 4. More than 80%
of the dense, degassed magma initially residing
in the chamber remains at chamber level after
waning of the convective process (as in case 1,
where an asymptotic trend clearly emerges).
Thus, the complex patterns of convection and
mixing described above are such that most of the
degassed magma is not carried down to larger
depths when a new stable profile has been cre-
ated. While shallow chamber degassing creates
unstable conditions by increasing the density of
the magma at shallow levels, the ingression of
small amounts of volatile-rich magma rapidly re-
establishes a new “equilibrium”. The new overall
stability is a dynamic condition: even at the

Fig. 4 Convection efficiency 25
in the shallow reservoir for

the different simulations as

function of time. The

simulation number is the same 20+

as in Table 1. Figure modified
after Montagna et al. (2015)

- -
o [9)]

9)]

Convection efficiency (%)

simulation 1

----- simulation 2
— — simulation 3
-~ - —=+simulation 4 -
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Time (hours)



Magma Chamber Dynamics at the Campi Flegrei Caldera, Italy

211

longest simulated times, small batches of mixed
magma still enter the chamber while other bat-
ches sink into the dyke, overall keeping a more
or less constant balance of total mass and of
single magmatic components in the chamber.
The overall dynamics is not expected to drasti-
cally change after some hours, as in the simulated
conditions the gravitational instability that trig-
gers magma interaction is obliterated by the
dynamics itself, as the density profile becomes
more and more stable. On geological time scales,
this time span seems irrelevant; nevertheless,
petrological analyses on erupted products at CFc
retrieve similar time scales for efficient mingling
to take place (Perugini et al. 2010, 2015a, b;
Chap. Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy) and
Their Influence on Mixing Processes). The
results shown here provide a means for inter-
preting those data in relation to dynamical pro-
cesses at depth.

Finally, the trends in Fig. 4 show that the
efficiency of convection depends on the shallow
chamber geometry in such a way that it decreases
when its horizontal dimension also decreases.
This is expected, as the efficiency of natural
convection depends on the system dimension
perpendicular to the driving force represented by
gravity. That is also visible from the colour plots
in Fig. 5, which show a progressive deeper blue
(that is, lower proportion of deep magmatic
component) when moving from oblate to circular
to prolate chamber geometry. At the same time,
however, the more prolate geometries result in
more pronounced accumulation of volatile-rich
deep component at the chamber top, thus more
pronounced chamber stratification.

It is also noteworthy that the plumes of lighter
magma tend to rise through the chamber fol-
lowing significantly different patterns. Rising
plumes tend to follow the chamber walls for
much longer distances in prolate geometries,

S o x (km) X(km) - x (km)
u
simulated time. From left to “02 0.2 -0.2 0.2

right, top to bottom, order of
simulations as in Table 1:

a simulation 1, low density
contrast, horizontal chamber;
b simulation 2, low density
contrast, circular chamber;

¢ simulation 3, low density
contrast, vertical chamber;

d simulation 4, reference
simulation, high density
contrast, horizontal chamber;
e simulation 5, high density
contrast, vertical chamber.
Figure modified after
Montagna et al. (2015, 2017)
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generating roughly one single convective cell in
the chamber. This optimizes convection, thus
partly balancing the effects of decreased hori-
zontal chamber size diminishing the extent to
which the convection efficiency is reduced when
moving from oblate to prolate geometries.

4 Multi-disciplinary Interpretation
of Modelling Results

This study focuses on the convection and mixing
dynamics occurring in a shallow chamber when it
is intersected by a dyke carrying more primitive,
volatile-rich (especially CO,) magma from a
deeper reservoir. The system conditions refer to a
general situation appropriate for the volcanism of
the CFc, dominated by the emplacement of rela-
tively small magma chambers at shallow levels,
repeatedly recharged by deeper magma while
undergoing shallow system degassing (Aiuppa
et al. 2013; Di Renzo et al. 2016; Chaps. Volcanic
and Deformation History of the Campi Flegrei
Volcanic Field, Italy; Seismic and Gravity
Structure of the Campi Flegrei Caldera, Italy;
An Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by Petrochemical Data; Origin and
Differentiation History of the Magmatic System
Feeding the Campi Flegrei Volcanic Field (Italy)
Constrained by Radiogenic and Stable Isotope
Data). The volcanic products reveal magma mix-
ing mostly from melt-crystal (Roach 2005) and
isotopic (Arienzo et al. 2009, and references
therein; Chap. Origin and Differentiation History
of the Magmatic System Feeding the Campi
Flegrei Volcanic Field (Italy) Constrained by
Radiogenic and Stable Isotope Data) disequilib-
rium, as well as from melt inclusions within
crystals (Arienzo et al. 2010). While mixing
between different magmas is a widespread
occurrence at the CFc, magmatic end-member
components are usually not identified at the
macroscopic scale in the volcanic products,
especially for the deeper, less chemically evolved
components the presence of which emerges only
from detailed chemical and petrographic analyses
(Astbury et al. 2018). On the other hand, time
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scales of magma mixing can be quite short, of the
order of hours to days, as it is revealed by both
time-scales of melt-crystal disequilibrium (Roach
2005) and by the application of a diffusive frac-
tionation model of trace elements to a number of
relevant eruptions in the CFc history (De Campos
et al. 2008; Perugini et al. 2010, 2015a, b;
Chap. Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy) and
Their Influence on Mixing Processes).

Although a full comparison is limited by the
resolution of the computational grid, which is on
the order of 1 m, the present numerical simula-
tions provide a fully consistent picture: in all
simulated cases, the deep, less evolved, volatile-
rich end-member magma involved in the mixing
process is rapidly lost as an individual component,
while magma mixing results in a stratified but
substantially laterally homogeneous (at the
resolved spatial scale) composition on a short
time-scale of a few to 10 h. In addition, the sim-
ulations suggest a relevant role of magma mixing
at the feeding dyke level, and highlight complex
patterns whereby the partially degassed magma
originally hosted at shallow levels can sink down
into the dyke, mix with the rising volatile-rich
magma, then re-enter into the chamber as a mix-
ture component masking the end-member char-
acteristics of the deep rejuvenating magma. The
evolution of pressure within the system is highly
heterogeneous in space and time, as detailed in
Papale et al. (2017). Calculated pressure variations
are always smaller than 1 MPa, therefore large
variations of the system volume, especially in the
dyke, are not expected as a consequence of the
exchange dynamics described above. Neverthe-
less, detectable ground deformation and seismicity
can be generated by the convective dynamics,
characterised by specific frequency patterns that
could potentially be used to infer magma move-
ment at depth from the monitoring records (Longo
et al. 2012b; Bagagli et al. 2017; Chaps The
Permanent Monitoring System of the Campi
Flegrei Caldera, Italy; Source Modelling from
Ground Deformation and Gravity Changes at the
Campi Flegrei Caldera, Italy).

The numerical simulations shown here (see
also Montagna et al. 2015, 2017; Papale et al.
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2017) are limited by the huge computational time
they require, therefore, only some hours of real
time have been explored till now. A conceptual
extrapolation to much longer times is allowed by
the fact that in some of the simulated cases, and
specifically in case 1 corresponding to the longest
simulated time (about 8 h), a condition is reached
where the initial gravitational instability is com-
pletely destroyed and new dynamically stable
conditions are established. Thus, the simulation
describes an entire mixing cycle in which the
initial density contrast is totally removed, and a
new dynamic equilibrium is reached. All other
simulations show the same tendency, as it is
suggested by the progressive flattening of the
convection efficiency curves in Fig. 4, although
over the simulated times a stable condition is in
most cases approached but not reached. The
trigger for the whole process is provided by the
fact that the shallow magma is initially partially
degassed, therefore its density is, at same pressure
conditions, larger than the density of the magma
rising from depth. This is the origin of the gravi-
tational instability in the initial conditions.
Magmatic bodies emplaced at shallow level are
known to degas efficiently, as a consequence of
relatively large gas volumes at low pressure con-
ditions and brittle rock mechanics allowing the
generation of cracks providing pathways for gas
escape towards the surface. In the specific case of
the CFc, an abundant magmatic gas component
is recognised in the fumaroles of La Solfatara
crater (Caliro et al. 2007; Chiodini et al. 2015;
Tamburello et al. 2019; Chaps. The Permanent
Monitoring System of the Campi Flegrei Caldera,
Italy; The Hydrothermal System of the Campi
Flegrei Caldera, Italy), that globally discharge
about 1,500 tons/day of CO, in the atmosphere
(Caliro et al. 2007). The final condition in all
simulations is the establishment of a gas-rich cap
at the top of the shallow chamber (Figs. 3 and 5).
It is expected that over a longer time this would
feed a new efficient degassing phase, as gas-rich
magma continues to slowly accumulate at the top
of the system to then seep through the chamber
roof and propagate through the porous host rock,
over much longer time scales than those simulated
here (Jasim et al. 2015). Large oscillations in the
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CO, content of the fumarolic gases at La Solfatara
are well known (Chiodini et al. 1996, 2015), and
more recently, similar oscillations have been
proposed to occur in their magmatic component
(Moretti et al. 2013). These oscillations follow the
major seismic and deformation crisis at CFc in
1982-1984, and they are possibly related to the
emplacement of a small magmatic body at 3—
4 km depth as revealed by recent seismic attenu-
ation tomography (De Siena et al. 2010; Akande
et al. 2019; Chap. Seismic and Gravity Structure
of the Campi Flegrei Caldera, Italy), although
CO; flux can be independent of magmatic flux as
it exsolves at large depths (Mangiacapra et al.
2008).

An overall picture emerges: after the
emplacement of a small magma body at shallow
depth, open system degassing feeding the
fumarolic gases (and possibly, partial crystalli-
sation of magma) increases magma density and
triggers the arrival of new gas-rich, light magma
batches from a deep reservoir, likely along the
same pathways that brought the magma to a
shallow level. This in turn gives rise to magma
convection and mixing, that re-establishes
dynamically stable conditions over a short time-
scale of hours to a few days (increasing with the
extent of shallow system degassing). New gas-
rich, CO,-rich magma is accumulated at the top
of the shallow chamber, and over a longer time
scale of months to years, open system degassing
(and crystallisation) increases again the density
in the upper system, triggering a new episode of
magma injection and repeating the process. Such
a sequence can be repeated several times, each
time rejuvenating the shallow magmatic system
through the injection of small batches of volatile-
rich magma from larger depths, and providing
new gas that will slowly escape from the system
and feed the fumarolic system.

5 Conclusive Remarks

The present numerical simulations are consistent
with a number of observations of the CFc vol-
canism (and to an extent, of several other vol-
canic products worldwide), although by no
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means they are able to describe in detail all of the
processes within a deep, complex magmatic
system. Such observations include (i) the chem-
ical oscillations observed in the fumarolic gases,
that appear to punctuate long-term degassing
patterns (Chiodini et al. 2015; Chap. The
Hydrothermal System of the Campi Flegrei
Caldera, Italy); (ii) the chemical zoning in crys-
tals, that marks oscillations in the P-T-X condi-
tions at crystallisation levels (Astbury et al. 2018;
Chaps. An Evolutionary Model for the Magmatic
System of the Campi Flegrei Volcanic Field
(Italy) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data); (iii) the presence of
melt inclusions in crystals that are in chemical
disequilibrium with their host (Tonarini et al.
2009; Chaps. An Evolutionary Model for the
Magmatic System of the Campi Flegrei Volcanic
Field (Italy) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data); (iv) the dispersion of
volatile contents in melt inclusions that hardly
mark simple closed or open system degassing
patterns, rather they suggest a widespread
occurrence of convection and mixing (a well-
studied example is reported for Kilauea in Bar-
santi et al. 2009; the melt inclusion data for the
Agnano-Monte Spina eruption at the CFc by
Arienzo et al. 2010 show similar patterns);
(v) the tendency towards rapid homogenisation
of magmas upon mixing, preventing macroscopic
identification of end-member components (Ast-
bury et al. 2018; Forni et al. 2018; Chaps. An
Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by Petrochemical Data; Origin and
Differentiation History of the Magmatic System
Feeding the Campi Flegrei Volcanic Field (Italy)
Constrained by Radiogenic and Stable Isotope
Data; Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy) and
Their Influence on Mixing Processes); (vi) the
time-scales of magma mixing as revealed by
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separate approaches like melt-crystal disequilib-
rium and trace element diffusive fractionation
modelling (Tonarini et al. 2009; Perugini et al.
2015a, b; Chaps. An Evolutionary Model for the
Magmatic System of the Campi Flegrei Volcanic
Field (Italy) Constrained by Petrochemical Data;
Origin and Differentiation History of the
Magmatic System Feeding the Campi Flegrei
Volcanic Field (Italy) Constrained by Radiogenic
and Stable Isotope Data; Rheological Properties
of the Magmas Feeding the Campi Flegrei
Caldera (Italy) and Their Influence on Mixing
Processes).
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