
1. Introduction
Magmatic systems below active volcanoes can be extremely complex in terms of their shape, physical prop-
erties, and evolution (Annen et al., 2015; Burchardt et al., 2016; Cashman et al., 2017; Edmonds et al., 2019; 
Gudmundsson, 2020; Sparks & Cashman, 2017; Sparks et al., 2019, 2022; Tibaldi, 2015). Magmatic systems can 
extend vertically over several km, with the shallower portions located only a few km, sometimes <1 km, below 
the surface, connected through dyke systems to other reservoirs at different depths, and often to a larger one at 
depths approaching or exceeding 10 km (Cashman & Giordano, 2014). The shallow portion of such composite 
magmatic systems is typically more chemically evolved and partially degassed with respect to the deeper magma, 
as a result of interdependent processes such as cooling, crystallization, and degassing that are more efficient at 
shallow depth (Myers et al., 2014). Long lifetime to such shallow magmatic bodies, much in excess of estimated 
conductive cooling lifetimes, is provided by repeated magma injection events (Marsh, 2015) which add mass, 
heat, and volatiles, thus contrasting shallow-level cooling and degassing. Events of new injection at shallow 
level by deeper, chemically and physically distinct magma are often recognized to have shortly preceded the 
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determine the chemical evolution of shallow magmas, they are often associated to volcanic unrests, and they are 
nearly ubiquitously found to shortly precede a volcanic eruption. Here, we numerically simulate the dynamics 
of shallow magma chamber replenishment by systematically investigating the roles of buoyancy and pressure 
forces, from pure buoyancy to pure pressure conditions and across combinations of them. Our numerical results 
refer to volcanic systems that are not frequently erupting, for which magma at shallow level is isolated from the 
surface (“closed conduit” volcanoes). The results depict a variety of dynamic evolutions, with the pure buoyant 
end-member associated with effective convection and mixing and generation of no or negative overpressure 
in the shallow chamber, and the pure pressure end-member translating into effective shallow pressure increase 
without any dynamics of magma convection associated. Mixed conditions with variable extents of buoyancy 
and pressure forces illustrate dynamics initially dominated by overpressure, then, over the longer term, by 
buoyancy forces. Results globally suggest that many shallow magmatic systems may evolve during their 
lifetime under the control of buoyancy forces, likely triggered by shallow magma degassing. That naturally 
leads to long-term stable dynamic conditions characterized by periodic replenishments of shallow partially 
degassed, heavier magma by volatile-rich fresh deep magma, similar to those reconstructed from petrology of 
many shallow-emplaced magmatic bodies.

Plain Language Summary Periodic injections of magma into shallow magma chambers are 
a fundamental process known to govern the evolution of magmatic systems. According to our overall 
understanding of magmatic systems, we simulate the time-space dynamics in a composite magmatic system 
under the action of buoyancy and pressure forces. The formers are due to different chemical compositions of the 
shallow and deep magmas. The latter may result from chemical reactions, tectonic stress accumulation, or other 
deep processes. The numerical results illustrate an ample variety of situations mostly controlled by buoyancy 
or pressure forces. It is found that the “normal” condition for many volcanic systems is likely characterized by 
periodic arrivals of light batches of magma giving rise to efficient convection and mixing at shallow level, and 
parallel sinking of partially degassed, dense magma. This ensures essentially stable conditions unlikely to give 
origin to any pressure buildup leading to an eruption; it provides a mechanism for long life times of relatively 
small, shallow magmatic systems, and a framework for interpreting petrologic observations suggesting long 
sequences of mixing events at magmatic systems worldwide.
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occurrence of a volcanic eruption (Colucci & Papale, 2021, and references therein). The dynamics associated 
with magma injection at shallow level are the subject of this work, specifically focusing on the roles of natural and 
forced convection, represented within magmatic systems by the buoyant and overpressurized systems addressed 
in this work, respectively. The different effects that pressure and buoyancy forces have on reservoir dynamics are 
investigated, as they are the main driving forces involved in magma transfer from deep to shallow crustal depths; 
their respective roles on magmatic interactions and eruption triggering are investigated.

The motion of a fluid, from single-phase single component (such as pure water) to multiphase multicomponent 
such as natural magma, relates to either natural or forced convection, or to a combination of them. Natural convec-
tion arises because fluids are immersed in the gravitational field, causing lighter portions to move up while denser 
portions sink down. The existence of density differences is therefore the cause of natural convection. In the case 
of real magmas, the melt phase of less chemically evolved (deeper) magmas tends to be denser than their evolved, 
shallow counterpart, as a reflection of larger content of heavy metals and lower content of light silicon more than 
compensating for higher temperature (Lange & Carmichael, 1990). Larger contents of heavy crystals such as 
olivine and pyroxene add to the density excess by more mafic magmas. However, shallow magmas get degassed 
as a reflection of the largely dominant role of pressure on volatile saturation, as can be inferred from measuring 
gas emissions at quiescent volcanoes or fumaroles (Aiuppa et al., 2019; Burgisser & Degruyter, 2015; Edmonds 
et  al.,  2022). At shallow crustal depths, magmas tend to stall and evolve in composition toward more felsic, 
water-richer, less dense melt phases than basaltic magmas. At those depths, though, exsolved magmatic fluids 
tend to decouple from the multiphase magmatic mixture as bubbles grow in size with decreasing pressures, favor-
ing net loss of volatile phases. On the contrary, in more primitive magmas ascending from depth, the exsolved 
volatile phase consists of smaller bubbles that remain trapped into the melt contributing to overall multiphase 
density decrease (Gonnermann & Manga, 2007; Myers et al., 2014). In particular, the largely insoluble carbon 
dioxide component is quickly lost at shallow depth. Because the presence of carbon dioxide causes more water 
exsolution and the generation of a larger volume of gas at equal other conditions (Papale et al., 2022), and because 
of the order of magnitude difference, increasing with decreasing pressure thus depth, between the density of the 
melt + crystals and gas phases, it follows that magmas coming from depth can be lighter than the more evolved, 
partially degassed magmas they encounter at shallower depth, giving rise to natural convection.

Natural convection in magmas has been investigated mostly focusing on either thermal or compositional diffu-
sion, that in turn modify the density of the magmatic multiphase mixture (Campbell, 1996; Clark et al., 1987; 
Oldenburg et al., 1989; Spera et al., 1982) causing denser components to sink. Diffusive processes in magma 
typically happen on much longer time scales than buoyancy-dominated interactions, as the Rayleigh number, 
indicating the ratio between time scale of buoyancy due to density differences and the smoothing effect on density 
differences due to diffusivity, is large (e.g., Bartlett, 1969).

In contrast with natural convection, forced convection relates to fluid motion governed by forces different from 
buoyancy. An example of forced convection is fluid motion inside a blender, or the motion of air in a room when 
a hair dryer is turned on (more precisely, the latter is a combination of natural and forced convection as the density 
of the air exiting the hair dryer is normally lower than ambient density). In magmatic environments, forced 
convection can arise as a consequence of chemical processes causing phase changes within confined systems 
leading to pressure increase, stress accumulation by local or regional tectonics, or by mantle or subduction 
dynamics. In all cases, forced convection requires the buildup of exceeding pressure somewhere in the system.

Magma motion is invariably associated with either a density difference, or some other force resulting in a pressure 
difference. Accordingly, deep magma can intrude a shallow reservoir either because it is lighter than the magma 
hosted in the reservoir (buoyancy force), or because it is pushed from below (pressure force), or because of a 
combination of both. Here, we examine the entire spectrum from pure buoyancy (Papale et al., 2017) to pure pres-
sure triggering magma injection, through variable combinations of buoyancy and pressure. We describe markedly 
different system evolutions under the analyzed conditions, and show that while efficient convection and mixing 
require buoyancy, the conditions for rock fracturing, dyke propagation, and occurrence of a new eruption are 
unlikely to be met if pressure forces are not involved. We suggest that shallow magma chambers at closed conduit 
volcanoes evolve under essentially pure buoyant conditions over a substantial part of their lifetime, while the 
generation of a new eruption is associated with sufficient pressure buildup somewhere in the magmatic system.

In this work, we show results from numerical simulations of shallow magma reservoir replenishment focusing 
on the specific case of Campi Flegrei, in southern Italy, one of the highest volcanic risk areas in the world (Orsi 
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et al., 2022). Geophysical (De Siena et al., 2010; Judenherc & Zollo, 2004; 
Zollo et  al.,  2008) and geochemical (Arienzo et  al.,  2009; Di Renzo 
et al., 2011) evidence suggests that the plumbing system at Campi Flegrei 
consists of a large, deep reservoir hosting shoshonitic magmas (Mangiacapra 
et al., 2008), and shallower reservoirs that host slightly more evolved phono-
litic magmas (Arienzo et al., 2010). Pre-eruptive arrival of volatile-rich more 
primitive magmas into these shallower reservoirs has been often observed in 
the petrologic record at Campi Flegrei (Tonarini et al., 2009).

2. Methods
2.1. The Setup

Figure  1 shows the setup for the simulations. The system geometry is 
constructed in order to be the simplest one holding the fundamental aspects 
relevant to the analysis. The 2D simulation setup reduces computational costs 
without losing the fundamental details on the dynamics within the magmatic 
system (Garg et al., 2019). The setup includes a large, 8-km deep reservoir 
hosting shoshonitic magma, connected through a vertical dyke to a shallow, 
3-km deep, much smaller reservoir hosting more evolved phonolitic magma 
(Table  1). The compositions employed for the shoshonitic and phonolitic 
magmas are reported in Table 2. The two end-member compositions are very 
similar, and have been chosen as representative of magmas erupted at Campi 
Flegrei that show evidence of pre-eruptive mingling and mixing (Arienzo 
et al., 2011). Volatile contents (water and carbon dioxide) are varied within 
reasonable ranges in order to simulate conditions with variable buoyancy. 

The volatile content of the deep shoshonite is taken as being the same for all simulations, and variable condi-
tions are obtained by varying, from one simulation to the other, the volatile content of the shallow phonolite 
(Table 1). In all simulations, the deeper shoshonitic magma is assumed to carry a total (dissolved plus exsolved) 
volatile content corresponding to 2 wt% total water and 1 wt% total carbon dioxide. There is uncertainty on the 
total volatile contents for Campi Flegrei magmas, as for many other volcanoes, because it is a difficult data set 
to obtain from erupted products (e.g., Métrich et al., 2010). The ensemble of data on melt inclusions at Campi 
Flegrei (Arienzo et al., 2009; Mangiacapra et al., 2008), together with the application of a quantitative method 
to retrieve total volatile contents from the dissolved ones (Papale, 2005) and with the very high measured carbon 

Figure 1. System setup. Colorbar reports magma composition weight 
fraction: 0 corresponds to phonolite, 1 corresponds to shoshonite. The system 
is simplified as being 2D (Cartesian). A shallow elliptical 800 × 400 m 
reservoir hosting phonolitic magma is connected through a vertical dyke with 
constant width of 20 m to a deeper and larger (8 × 1 km) reservoir hosting 
shoshonitic magma. A flat magma interface is placed at shallow chamber 
entrance. Buoyancy at magma interface is varied by assuming different volatile 
contents (water and carbon dioxide) in the two magma types. When applied, an 
initial homogeneous surplus in pressure is imposed to the shoshonitic magma, 
beyond the initial magmastatic stratification in pressure. The conditions for the 
executed numerical simulations are reported in Table 1.

Table 1 
Simulations Performed

Simulation 
name

H2O T 
(wt%) a

𝐴𝐴 CO
𝑇𝑇

2
 (wt%) a Δρ (kg/m 3) b ΔP (MPa) Ar c Hg d Hg/Ar

Simulation 
time (s)

P0 1 0.1 162.45 0 0.60 × 10 9 0 0 4,870

P5 1 0.1 144.50 5 0.69 × 10 9 0.25 × 10 13 0.35 × 10 4 7,030

P3.5 1 0.5 92.27 3.5 0.39 × 10 9 0.15 × 10 13 0.39 × 10 4 5,340

P6.5 0.77 1 32.05 6.5 0.06 × 10 9 0.13 × 10 13 2.07 × 10 4 5,770

N5 2 1 −60.99 5 0 0.90 × 10 13 – 1,570

N10 2 1 −78.39 10 0 1.80 × 10 13 – 1,630

N15 2 1 −93.85 15 0 2.84 × 10 13 – 1,670

 aVolatile contents refer to the phonolitic magma, whereas for the initially deeper shoshonitic magma these values are 
H2O T  =  2  wt% and 𝐴𝐴 CO

𝑇𝑇

2
   =  1  wt% for all simulations.  bΔρ corresponds to the density difference between the shallow 

phonolite and the deep shoshonite, computed at the initial interface.  cArchimedes number expressing buoyancy over friction 
force: Ar = ρΔρgL 3/μ 2. Ar = 0 when Δρ < 0. L is the characteristic length of the system equals the width of the shallow 
chamber (800 m). Magma viscosity μ corresponds to the average viscosity value between the shallow phonolite and the deep 
shoshonite, computed at the initial interface.  dHagen number expressing pressure over friction force: Hg = ρΔPL 3/Lzμ 2. Lz 
is the characteristic length over which the pressure drop takes place; It corresponds to the height of the shoshonite-phonolite 
interface and is taken as 1 m.
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dioxide flux at Solfatara of Campi Flegrei (Chiodini et al., 2015) suggest that a few percent by weight for total 
carbon dioxide is a reasonable value.

The dyke is assumed to initially host the deeper shoshonitic magma, therefore, time zero for all simulations refer 
to an idealized moment when the deep ascending magma encounters the shallow reservoir. For the simulations 
with an initial overpressure, that overpressure is applied to the shoshonitic magma at time 0, as if the dyke was 
reaching the shallow chamber and rupturing the last diaphragm separating the dyke from the chamber. The 
applied initial overpressure is imposed as a constant surplus with respect to the local, stratified pressure distri-
bution reflecting the nonlinear interplay between density, dissolved and exsolved volatile contents, and pressure. 
The Supporting Information S1 reports the initial vertical profiles of relevant quantities.

While the overall system in Figure 1 is closed, the results illustrated below can be seen as describing the open 
system evolution of the shallow chamber. Accounting for the large system in Figure 1 ensures global consistency 
of the dynamics in terms of evolution of the conditions characterizing the magma that is injected into the cham-
ber. That leads to the rich dynamics illustrated in this work, and to results that describe in a globally consistent 
way the evolution over a large magmatic system including the large, deeper regions of magma accumulation. 
The complex evolutions described below would hardly be revealed had we aimed at describing magma chamber 
replenishment without accounting for the interconnections with deeper subdomains, represented here by a large, 
deep, less chemically evolved, less degassed magmatic reservoir, and the dyke connecting the deep and shallow 
reservoirs.

Table 1 illustrates the conditions for the numerical simulations. The two critical parameters for this study are the 
initial overpressure applied to the shoshonitic magma, and the density difference at the initial magma interface. 
For the three cases with no initial buoyancy (simulation names starting with “N” in Table 1), the total volatile 
contents in the two magma types are equal. Therefore, in these cases, the gas volume fraction and density differ-
ences at interface reflect the slightly different saturation conditions due to different melt composition, and the 
overpressure applied to the shoshonitic magma. In the cases with buoyancy (simulation names starting with 
“P”) the upper phonolitic magma is assumed to host a lower total volatile content with respect to the shoshonitic 
magma (Table 1), as it may result from shallow system degassing. The assumed total volatile content in the phon-
olite, the different overpressure applied in the shoshonite, and the corresponding density modeling and saturation 
conditions, determine the density of the two magma types, therefore the magnitude of the initial buoyancy force 
acting at the interface.

2.2. Numerical Model

The dynamics of magma chamber replenishment for the setup described above is investigated with a model that 
treats magma as a multiphase, multicomponent fluid mixture, solving the compressible Navier-Stokes equations 
(details are in the Supporting Information S1; Garg et al., 2018a).

Partition between the liquid and gas phases is computed with the nonideal multicomponent saturation model 
SOLWCAD (Papale et al., 2006) as a function of space and time and depends on local composition, pressure, 
and temperature. Density and viscosity are calculated accordingly (Longo, Barsanti, et  al.,  2012; Montagna 
et al., 2015, 2022; Papale et al., 2017). The SOLWCAD model allows to realistically reproduce volatile satu-
ration, including the reciprocal effect of different volatile species (H2O and CO2) in affecting their dissolved 
amounts. The accurate computation of gas exsolution is a priority since it has a major effect on magma properties 
(i.e., density and viscosity) that in turn strongly control magma fluid dynamics.

The Navier-Stokes equations are solved with the in-house finite element code GALES (Garg et al., 2018a; Longo, 
Barsanti, et al., 2012, Longo, Papale, et al., 2012; Papale et al., 2017). To keep the computational efforts to within 

Table 2 
Volatile-Free Melt Composition Employed in the Simulations

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O

Phonolite 53.52 0.60 19.84 1.60 3.20 0.14 1.76 6.76 4.66 7.91

Shoshonite 52.40 0.85 17.60 1.88 5.74 0.12 3.60 7.93 3.43 8.24

Note. Quantities in wt%.
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manageable size, the temperature is taken constant (1300 K) throughout the computational domain, and crystal-
lization is neglected.

The code has been recently further developed to improve numerical stability (Garg et al., 2018a), include free 
surface dynamics (Garg et  al.,  2018b), fluid-structure interaction dynamics (Garg et  al.,  2021), and fully 3D 
dynamics (Garg & Papale,  2022). The reader interested in further details of the mathematics, the numerical 
methods, and the code stability and performance is addressed to such papers.

Employing a large system, such the simulated one, to reproduce the injection dynamics has a cost in terms of 
required computational resources. A resolution of 1 m is needed in the shallow chamber and dyke, where the 
dynamics is fast and the spatial dimensions, especially the dyke width, are small; while a resolution of 8 m is 
enough for the deep chamber where nearly no dynamics takes place.

3. Results and Discussion
The simulation results show totally different dynamic situations for the cases where buoyancy is effective (“P” 
simulations in Table 1) or is absent (“N” simulations). In the following we describe the buoyant cases first, then 
we consider the not buoyant cases. The focus is initially on the dynamics of shallow chamber replenishment and 
the relative roles of buoyancy and pressure forces in controlling those dynamics. The overall dynamics down to 
the deep chamber are described later.

To assess the relative importance of buoyancy and pressure forces, two nondimensional numbers are employed 
(see Table 1): Ar or the Archimedes number, representing the ratio between buoyancy and viscous forces; and 
Hg or the Hagen number, representing the ratio between pressure and viscous forces. The Hg/Ar ratio indicates 
therefore the relative roles of pressure and buoyancy forces.

The Archimedes and Hagen numbers can be derived from the adimentionalization of the momentum conservation 
equation for a fluid with pressure and density variations

𝜌𝜌
𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿
+ 𝜌𝜌(𝛿𝛿 ⋅ ∇)𝛿𝛿 = −∇𝑝𝑝 + 𝜇𝜇∇2

𝛿𝛿 − 𝑔𝑔Δ𝜌𝜌 

where v is velocity, t is time, p is pressure, ρ is density. On the left-hand side of the equation, the pressure, viscous, 
and buoyancy terms determine the space-time variations of velocity. Viscosity is opposed to both pressure and 
buoyancy forces. Therefore, the characteristics velocities of pressure forces and buoyancy forces are derived by 
equating the pressure and buoyancy terms to the viscous term. It results that 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑔𝑔Δ𝜌𝜌𝜌𝜌2

𝜇𝜇
 and 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

Δ𝑝𝑝

𝐿𝐿𝑧𝑧

𝐿𝐿
2

𝜇𝜇
 , 

where Δρ and Δp are the steps in density and pressure at the shoshonite-phonolite interface, and Lz the width of 
the interface. The two characteristic velocities are inserted into the Reynolds number to state the corresponding 
flow regime. After substitution, the Archimedes and Hagen numbers are obtained

𝐴𝐴𝐴𝐴 =
𝑔𝑔𝑔𝑔Δ𝑔𝑔𝜌𝜌3

𝜇𝜇2
 

𝐻𝐻𝐻𝐻 =
Δ𝑝𝑝𝑝𝑝𝑝𝑝3

𝑝𝑝𝑧𝑧𝜇𝜇
2

 

3.1. Buoyant Systems

In buoyant systems the shallow chamber contains degassed heavier magma, while the deep chamber and conduit 
are filled with volatile-rich lighter magma. In the pure-buoyancy case P0 (see Table 1) the pressure vertical 
profile is magmastatic. In cases P5, P3.5, and P6.5 (see Table 1) the lower part of the system is overpressurized. 
Simulation P0 is similar to the pure buoyant end-member case explored in Papale et al. (2017). Here, we briefly 
summarize the main characteristics of the dynamics, which are fully described in the above paper; and employ 
them as a reference to compare with the other cases involving both buoyancy and pressure. In general, we pres-
ent the four “P” simulations in order of increasing Hg/Ar ratio (Table 1), which corresponds to progressively 
decreasing buoyancy (but not progressively increasing pressure). The Supporting Information S1 includes videos 
showing the space-time evolution of composition for all simulations in Table 1.
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When convective motion is triggered by pure buoyancy (case P0), the numerical simulation results show quick 
disruption of the initial gravitationally unstable interface followed by formation and ascent of intermittent plumes 
of light magma. Such plumes penetrate into the shallow chamber forming complex circulation patterns which 
enhance mixing between the two magmas (Figure 2; note that at the resolution of the present simulations, of 
order 1 m, only mechanical mixing, sometimes referred to as “mingling,” is resolved; Petrelli et al., 2011). The 
system we model is closed, therefore injection of light magma into the chamber is accompanied by sinking 
of the initially resident, partially degassed, denser magma into the dyke, resulting in net mass loss from the 

Figure 2. Computed evolution of composition for the buoyant simulation cases. The figures show a zoom view of the shallow chamber and upper portion of the feeding dyke.
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shallow reservoir (Papale et al., 2017). Mixing between the two magmas is 
mostly effective at dyke level, such that immediately after the very first initial 
plume no further pure shoshonite enters the chamber. Correspondingly, the 
new plumes after only a few minutes contain at most 50% by weight of the 
deeper shoshonitic component. Efficient mingling within feeding conduits 
and dykes has been postulated by recent conduit flow models, enhanced by 
the presence of bubbles (Wei et al., 2021). The dynamics evolve through a 
series of discrete plumes of variable size releasing buoyant mixed magma 
into the chamber, further accompanied by sinking of denser magma into the 
dyke. A dynamic stratification of composition and properties is built inside 
the chamber. The overall stratification is continuously disrupted to an extent 
by new buoyant plumes, then rebuilt until the next plume disrupts it again. 
The successive light plumes accumulating downwards from the top of the 
denser reservoir progressively decrease the density of the shallow chamber 
inhibiting the efficiency of mass exchange. The observed mingling dynamics 
is, albeit on much larger spatial scales, in good agreement with the experi-
mental results obtained on similar systems (Montagna et al., 2015; Morgavi 
et  al.,  2013a,  2013b; Perugini et  al.,  2015), providing good confidence in 
their validity. For the pure buoyant case, the longer simulations in Papale 
et  al.  (2017) show waning of the dynamics for times greater than 4–7  hr 

depending on the specific simulation conditions. Beyond those times a condition of dynamic equilibrium is 
achieved, in which slow dynamics are still ongoing but all macroscopic quantities in the shallow chamber (e.g., 
the overall mass of components) do not significantly evolve anymore.

When an initial overpressure is added to the rising magma (cases P5, P3.5, and P6.5 in Table 1 and Figure 2), the 
overall dynamics are qualitatively similar to those described above, dominated by discrete plumes accompanying 
the overall injection-sinking dynamics. There are, however, important quantitative differences, and most impor-
tantly, there are substantial differences in relation to the distribution and evolution of overpressure.

After 250 s from simulation start (Figure 2), there is a well visible plume rising in the shallow chamber in all 
simulation cases. However, at that time, the plume reaches a height in the chamber of only about 100 m for the 
pure buoyant case P0, whereas that height at the same time is 270–290 m for the three cases with nonzero over-
pressure. Thus, the existence of an initial overpressure in the injected magma is seen as a clear push during the first 
few minutes of interaction. For the two intermediate cases with applied overpressure of 3.5 and 5 MPa, the  initial 
batch of rising magma appears to be formed by at least two individual plumes shortly following one another, 
while for the case with highest overpressure of 6.5 MPa, the initial rising batch appears as a well-identified indi-
vidual plume.

Figure  3 shows the evolution in time of the mass of intruding shoshonite in the shallow chamber. The time 
series illustrate the interplay between buoyancy and overpressure in driving the overall dynamics. The increase 
in overpressure appears to exert an important control on the initial dynamics, as it is exemplified by a stronger 
push of light magma into the chamber and initially faster rising plume and sinking front: the applied overpres-
sure triggers a more rapid development of the Rayleigh-Taylor gravitational instability (Chandrasekhar, 1961). 
However, the long-term overall dynamics appears to be more directly driven by buoyancy, which exerts a strong 
control on mixing efficiency (Montagna et al., 2015). The curves in Figure 3 show an initial phase where pressure 
dominates in forcing the shoshonite into the chamber, followed by a longer phase where buoyancy takes the lead 
and finally determines the overall efficiency of magma injection. The trends in Figure 2 show a crossover with 
respect to the pure buoyancy case, which happens sooner for less buoyant conditions. Over the long term, the 
least effective case in injecting new magma into the shallow chamber is the one (P6.5) associated with the largest 
overpressure but lowest buoyancy conditions (i.e., reflected in far less effective mixing for case P6.5 well visible 
from Figure 2 as a dark blue color over much of the shallow chamber at the longest reported time). That same 
case was instead the most effective during the initial stages, reflecting the large push by overpressure. After the 
initial overpressure-dominated transient, the most effective case (P0) is the one with highest buoyancy and lowest 
(zero) overpressure, which was initially associated to a much less effective injection dynamics (Figures 2 and 3). 
Convective efficiency, associated with mass exchange among the two magmatic components in the shallow reser-
voir, has been observed to follow and exponentially decreasing trend in time (Montagna & Papale, 2018; Morgavi 

Figure 3. Time evolution of the mass of shoshonite in the shallow chamber, 
for the four buoyant simulation cases. Mass of shoshonite is computed as the 
integral of the quantity αshoshoniteρshoshonite over the whole shallow chamber area. 
αshoshonite is the volume fraction of shoshonite and ρshoshonite is the density of 
shoshonite.

 21699356, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025316 by C
ochraneItalia, W

iley O
nline L

ibrary on [14/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

LONGO ET AL.

10.1029/2022JB025316

8 of 19

et al., 2013a, 2013b). Therefore, the mingling process will slow down until it asymptotically reaches equilibrium 
(Papale et al., 2017). Simulations are stopped as the initial pressure-driven transient is over, and buoyant convec-
tion becomes dominant.

To interpret these results, pressure-driven and buoyancy-driven replenishment time scales can be estimated to 
first order from first principles. The pressurized, deep part of the domain relaxes on time scales dictated by the 
speed of sound in the system. To first approximation, the latter can be estimated from density ρ and compress-
ibility β as c 2 = 1/ρβ. Constitutive equations employed here yield values of ρ ∼ 2,500 kg/m 3 and β ∼ 10 −9 Pa −1 
(Longo, Barsanti, et al., 2012), thus we can estimate c ∼ 600 m/s. Given the size of the simulated system, see 
Figure 1, pressure disturbances are expected to propagate through the system on time scales of tens of seconds. 
Unless we deal with much shallower magmatic systems, where volatile exsolution has a much larger impact 
on compressibility, similar numbers are valid for the majority of volcanic plumbing systems at crustal depths. 
Time scales for the Rayleigh-Taylor gravitational instability are known in the linear regime only (Bellman & 
Pennington, 1954), therefore for the initial destabilizing phases; nevertheless, the parameters that impact on the 
rise (and sink) velocities remain the same for the whole dynamical evolution. Rayleigh-Taylor growth rate γ for 
the most instable wavelength can be expressed as (Menikoff et al., 1977)

𝛾𝛾 =
𝑔𝑔
2∕3

2

3

√

A2

�̂�𝜈
, 

where g is gravitational acceleration; 𝐴𝐴 A = (𝜌𝜌2 − 𝜌𝜌1)∕(𝜌𝜌2 + 𝜌𝜌1) is the Atwood number; and 𝐴𝐴 𝐴𝐴𝐴 = (𝜇𝜇1 + 𝜇𝜇2)∕(𝜌𝜌1 + 𝜌𝜌2) 
is the density-weighted average viscosity. Available wavelengths are limited by the intruding dyke width; never-
theless, the dependency on the physical properties of magmas remains the same.

The most important factor in determining the growth rate is the density contrast, expressed by the Atwood number, 
which is typically very small for magmatic systems. Higher viscosities tend to hamper the development of the 
instability. A characteristic time scale can be expressed as the inverse of the growth rate. For our simulations, 
A ∼ 10 −1 and 𝐴𝐴 𝐴𝐴𝐴 ∼ 10−1 , yielding typical time scales on the order of seconds. While the Atwood number is not 
expected to vary much for any magmatic systems, magmatic viscosities can vary widely, therefore much longer 
time scales are expected for the development of gravitational instabilities in more viscous, evolved magmas. The 
long-term mixing efficiency thus increases with Δρ and decreases with viscosity (Montagna et al., 2015). In other 
words, it decreases with Archimedes number Ar from P0, to P5, to P3.5, and P6.5 as illustrated in Figure 3 (line 
corresponding to simulation P3.5 intersects and falls below line corresponding to case P5 over times longer than 
those simulated).

The above results are illustrative of the relative roles of buoyancy and overpressure in the efficiency of new 
magma injection into a shallow chamber. In extreme synthesis, while overpressure dominates initially, the overall 
process is mostly controlled by buoyancy. However, in terms of likelihood of causing rock fracturing, new dyke 
injection, and eruption, the existence of an overpressure in the ascending magma is key.

Figure 4 shows the evolution of overpressure (defined as the locally computed difference between pressure at 
current and zero time) in the shallow chamber for the four buoyant simulation cases. Figure 5 illustrates the time 
evolution of the average shallow chamber overpressure, obtained by weighting the overpressure at any computa-
tional node by its corresponding area. The figures highlight macroscopic differences associated with the different 
conditions in the simulations. The most relevant of such differences is that the sign of the pressure change is 
negative for the pure buoyant case (P0), and positive for all other cases involving an initially applied overpressure. 
Counter-intuitive pressure decrease upon chamber replenishment driven by pure buoyancy force is discussed in 
detail in Papale et al. (2017). In summary, pressure evolution is nonlinearly correlated to density and gas volume 
fraction. While expansion upon gas exsolution exerts a force on the surroundings which contributes to increasing 
pressure, substitution of dense magma by lighter one implies a net decrease of mass in the chamber and a decrease 
in the magmastatic pressure contribution, favoring decreasing pressure. For the conditions investigated in Papale 
et al. (2017) and here, pure buoyancy-driven magma injection at shallow level results in either very small (or 
negligible) increase or significant decrease in overall pressure, with the magnitude of the pressure change increas-
ing with increasing initial density difference (thus with increasing Ar in Table 1). Figure 5 shows that for case P0 
at the longest simulated time approaching 5,000 s, the average chamber pressure decreases by about 0.55 MPa. 
Because of the magmastatic contribution to pressure decrease, the magnitude of the decrease increases with depth 
inside the chamber (Figure 4, case P0).
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For the three cases with associated overpressure, the pressure change is always positive during the entire simu-
lated times (Figures 4 and 5), although appreciably lower than the applied overpressure. The peak overpressure in 
the chamber is achieved over a short time scale in the range 10–100 s. After that initial pulse, the average chamber 
overpressure slightly and progressively decreases (Figure 5). The extent to which the applied overpressure is 

Figure 4. Evolution of overpressure in the shallow magma chamber for the simulation cases with nonzero buoyancy.

Figure 5. Evolution of the average overpressure in the shallow chamber, for the simulation cases with nonzero buoyancy 
(cases “P” in Table 1). (a) Evolution over all simulated times. (b) Zoom over the first 100 s.
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transferred into the chamber depends on a number of factors, including magma compressibility which varies from 
case to case. In the present cases, the maximum average overpressure in the chamber is in the range 80%–90% 
of the applied one. Over the times displaced in Figure 5, the maximum overpressure decreases after the initial 
pressure pulse amounts to 4%–14% (about 0.2–0.4 MPa) of the achieved peak value. The extent of shallow cham-
ber pressurization in cases P3.5, P5, and P6.5 is in the interval 3–5 MPa. According to Gudmundsson (2012), an 
excess pressure similar to the in situ tensile strength of the host rock, 0.5–9 MPa, is required to open a conduit 
toward the surface. An overpressurization such as that considered in this work is needed to trigger an eruption.

The above trends depict an initial phase, with time length of order 1 min, dominated by overpressure, followed by 
a much longer phase of order hours where buoyancy governs the dynamics causing progressive although limited 
decrease in overpressure. The applied overpressure is only marginally (10%–20% for the range of conditions 
examined here) absorbed by magma compressibility and/or dissipated by internal friction, and largely transferred 
into the chamber. The longer buoyancy-dominated phase, in all four simulation cases with buoyancy, accounts 
for chamber pressure decrease by only one-tenth of MPa, progressively decreasing in magnitude (for the longest 
simulated times) from 0.55 MPa for case P0 with no applied overpressure, to 0.21 MPa for case P6.5 with the 
largest applied overpressure of 6.5 MPa. With reference to the two cases P3.5 and P6.5 where an initial overpres-
sure is associated with least buoyant conditions, during the entire simulation time the overpressure in the chamber 
decreases from bottom to top (Figure 4). That situation is opposite to that of the pure buoyant case P0, where the 
overpressure increases (it becomes less negative) from bottom to top. The evolution of case P5, which involves 
both significant overpressure and buoyancy, is peculiar. For this case the evolution during the first about 2,000 s 
is similar to that of the two other cases with overpressure. However, shortly after 2,000 s a sort of overturning of 
the overpressure occurs, causing the distribution of overpressure to become, from there on, similar to that of the 
pure buoyancy case P0 (overpressure increasing upwards). Once again, the interplay of buoyancy and pressure 
forces in controlling the dynamics emerges, with the latter causing a downward increase in overpressure, and 
the former an upward increase (or in other words, both causing a downward increase in the magnitude of the 
overpressure, with positive sign for pressure force, and negative sign for buoyancy force). Pressure controls the 
processes initially, then buoyancy becomes dominant. If pressure forces are large enough with respect to buoy-
ancy forces, the downward-increasing pressure-controlled stratification of overpressure is sufficiently stable and 
it does not get disrupted by subsequent buoyancy control of the dynamics. If instead the relevance of buoyancy 
increases with respect to the pressure force, then the initially pressure-controlled stratification in overpressure 
can lead the way to subsequent control by buoyancy, as in the present case P5. Comparison between the cases P5 
and P3.5 suggests that such an overturning in the stratification of overpressure may appear for Be/Ar less than 
about 3.5 (Table 1).

3.2. Nonbuoyant Systems

The simulation cases N5, N10, and N15 in Table 1 do not involve any gravitational instability, as the initial distri-
bution is such that magma density increases everywhere along the direction of gravity. In these cases, the dynam-
ics are entirely due to pressure forces, which are applied in the form of an initial overpressure in the initially 
deeper shoshonitic magma, by 5, 10, and 15 MPa for the three cases above, respectively. Figure 6 (analogous to 
Figure 2) illustrates the numerical results in terms of distribution of composition. When buoyancy is not acting 
on the system, the dynamics are very limited. In all three simulated cases, there is an initial phase (order a few 
tens of s) of expansion of the compressed shoshonite into the phonolite, which is in turn compressed, followed 
by lateral flow of the dense shoshonite over the chamber bottom. Despite shoshonite is decompressed, volatile 
exsolution is not enough for it to become lighter than the overlying phonolite, so that no gravitational instability 
occurs at the interface. The entire dynamics are practically over after a few hundred seconds. After 1,000 s no 
further changes are visible. Mixing is limited to a thin region at the interface between the two magma types. 
Essentially, the dynamics consist in limited magma intrusion at chamber bottom accompanied by compression 
taking 70–100 s to achieve a new stable pressure profile in the chamber (Figure 7). As for the buoyant cases seen 
above, part of the initial overpressure is accommodated by magma compressibility. The proportion of the initially 
applied overpressure translating into stable chamber overpressure is close to 80% in all three cases (the volatile 
contents, thus the overall magma compressibility, are also the same for these three simulation cases, see Table 1).

The total mass of shoshonite which is displaced into the chamber (more precisely, displaced above the initial 
interface) is significantly lower than for the cases with buoyancy, amounting to 3.2, 6.2, and 9 Mkg/m for the 
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three N5, N10, and N15 simulation cases, respectively. By comparison, the P5 case with same initial overpressure 
as for the N5 case (5 MPa) but buoyancy also associated, injects more than 20 Mkg/m (compared to 3.2) in the 
first <5,000 s, and it is still injecting efficiently at that time when the simulation is terminated (Figure 3).

The initial central fountaining above the dyke and the subsequent lateral flow of dense magma along the shallow 
chamber bottom resembles the density currents observed in laboratory experiments and used as analogue models 
for the vertical layering of plutons (Irvine, 1980; Jackson, 1961). The simulated nonbuoyancy cases may repro-
duce the dynamics conditions for the formation of basal layers at the bottom of igneous bodies.

3.3. Overall System Dynamics

Most of the dynamics for the simulated cases concentrate in the shallow chamber + dyke system, as they are 
described above. Fluid motion at lower chamber level is very limited or close to null, and the observed evolution 
at such deep levels is nearly entirely related to pressure, the variations of which are in general important across the 

entire simulated domain. Pressure propagates across the entire fluid system 
at the local speed of sound, which depends on isentropic compressibility and 
is largely controlled by the local volume of gas (in turn controlled by pres-
sure and regulated by real equation of state, contributing to system nonlin-
earity). For the present simulations the speed of sound varies in the range 
600–1,400 m/s, depending on the specific conditions and generally increas-
ing downwards. Accordingly, a pressure transient originating anywhere in 
the simulated domain propagates through the entire system in <10 s. As a 
consequence, although the dynamics are negligible in the deep magmatic 
system, pressure changes at such deep level can be important, causing vari-
ations in other important quantities such as dissolved and exsolved amounts 
of volatiles, gas volume and composition, and magma density and viscosity, 
reflecting the shallow dynamics dominated by magma intrusion and efficient 
convection and mixing.

Figures 8 and 9 show the evolution in the entire simulated domain of the 
horizontally averaged overpressure, for the simulation cases with buoy-
ancy (Figure 8) and without buoyancy (Figure 9). The overpressure in these 
figures represents the change with respect to the initial conditions, which 

Figure 6. Computed dynamics for the three simulation cases in Table 1 with zero buoyancy. The pictures display zoom views at shallow chamber base, with the colors 
corresponding to composition. The t = 0 picture for case N5 is equal, in terms of distribution of composition, to the time zero situation for all other cases (in this figure 
as well as in Figure 2).

Figure 7. Evolution of the average overpressure in the shallow chamber, 
for the simulation cases with zero buoyancy and three different applied 
overpressures (cases “N” in Table 1).
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included an initially applied overpressure (in all cases but case P0 where such an initial overpressure is absent). 
The most evident feature of the pressure trends in the figures is that any variation in the upper chamber has a 
counterpart with opposite sign in the dyke + deep chamber domains. Accordingly, the overpressure in such deep 
regions is positive for the pure buoyant case P0 for which the overpressure in the shallow chamber is negative, 
and it is negative for all other cases. For the cases with no buoyancy (Figure 9), the overpressure is more nega-
tive for larger initial overpressure (therefore, for larger pressure increase in the chamber). For the cases with 
buoyancy (Figure 8) that simple relationship does not hold. Instead, the extent of negative overpressure is higher 
for simulation cases corresponding to larger Be/Ar (larger ratio of pressure to buoyancy force, see Table 1). The 
trends above suggest that buoyancy by itself, while causing a pressure decrease in the upper chamber, leads to 
slightly (<1 MPa) increased pressure in the deeper dyke + chamber system, likely due to compression by the 
dense, degassed magma sinking along the dyke. Sinking evolved magma contains less volatiles than the intruding 
shoshonite, thus its compressibility is smaller and smaller as depth increases and exsolved fluid tend to zero, 
contributing to pressure increase and introducing a small positive feedback to the upwards push of the less dense 
magma. Conversely, injection into the shallow chamber of initially pressurized magma, while compressing the 
chamber, is accompanied by release of the initial overpressure. Whenever buoyancy is a force acting on magma, 
sinking of dense magma accompanying convection pressurizes the deeper magmatic region, so that the overall 
pressure evolution at such deep levels depends on the relative importance of pressure and buoyancy forces. In all 
cases simulated here, with or without buoyancy or pressure forces, the distributions are such that the largest nega-
tive overpressure invariably occurs at the junction between dyke and shallow chamber. Increasing the relevance of 
buoyancy versus pressure leads to a region at upper dyke level characterized by large gradient of the overpressure 
(up to >0.1 MPa every 100 m), which is instead absent in those cases where pressure largely dominates (with the 
exception of a highly transient initial phase for the zero buoyancy cases, Figure 9, where the pressure gradients 
largely oscillate).

Figure 8. Pressure evolution along the entire system domain, for the four simulations with buoyancy. The lines for each 
time indicated in the figure represent the horizontally averaged overpressure. The thick, dashed horizontal blue lines show 
the extension of the three simulation subdomains represented by (from the top) the shallow chamber, the dyke, and the deep 
chamber (see also Figure 1). Note that the overpressure reported here refers to the conditions at time zero, therefore, the 
initially applied overpressure does not show up.

 21699356, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025316 by C
ochraneItalia, W

iley O
nline L

ibrary on [14/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

LONGO ET AL.

10.1029/2022JB025316

13 of 19

Figure 9. Pressure evolution along the entire system domain, for the three simulations without buoyancy. The lines for each 
time indicated in the figure represent the horizontally averaged overpressure. The thick, dashed horizontal blue lines show 
the extension of the three simulation subdomains represented by (from the top) the shallow chamber, the dyke, and the deep 
chamber (see also Figure 1). Note that the overpressure reported here refers to the conditions at time zero, therefore, the 
initially applied overpressure does not show up.
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As it is expected, the size of the different regions plays a role in determining the magnitude of the overpressure. 
While compression in the shallow chamber amounts to 80%–90% of the initially applied overpressure, the parallel 
decompression in the deep chamber is only in the range 5%–15% of the initial overpressure. In other words, a little 
relative change in the density, thus in the mass, within the deep chamber, which has a 25× volume per meter with 
respect to the upper chamber, can accommodate for large density and mass changes occurring at shallow level.

Overall, the simulations presented here explore the dynamics of shallow magma chamber replenishment under 
the action of buoyancy and pressure forces. A domain much larger than the shallow chamber is included in the 
simulations. While each individual subdomain (shallow chamber, deep chamber, and connecting dyke) is an open 
system, the entire simulated domain is closed. This setup ensures consistency between the shallow evolution and 
the global dynamics inside a large volcanic plumbing system.

The simulation domain is necessarily a simplification of real ones, which are in fact unknown. Further complex-
ities not included in the present analysis include the presence of crystals and mushy regions, particularly in the 
deep magmatic system; the existence of multiple intermediate storage regions connected through complex dyke 
systems hardly resembling an individual, km long, vertical one as in the present idealization; the 3D nature of 
the real world. The role of the assumptions made here, including three-dimensionality, domain size and shape, 
boundary and initial conditions for the simulations, have been discussed in Papale et al. (2017), Garg et al. (2019), 
and Garg and Papale (2022).

Three dimensional setups similar to those shown here yield very similar results in terms of buoyancy-driven 
convective dynamics: time scales of the gravitational instability are slightly different, but the overall dynamics 
follows similar patterns to those shown here (Garg & Papale, 2022). Domain size has an effect on the growth rate 
of Rayleigh-Taylor instabilities (Bellman & Pennington, 1954; Montagna et al., 2015), as well as on the times 
over which pressure disturbances are propagated along the whole domain. Nevertheless, the setup used in this 
work can represent a large number of volcanic systems characterized by relatively primitive magmas hosted in 
shallow, km-sized reservoirs such as Stromboli (Patanè et al., 2017), Etna (Bonaccorso & Aloisi, 2021), Kilauea 
(Cervelli & Miklius, 2003), Montserrat (Gunn de Rosas, 2013).

There are substantial differences between the model presented here and others that have been proposed, mostly 
to explain ground deformation patterns observed at volcanoes (Le Mével et  al.,  2016; Reverso et  al.,  2014; 
Segall, 2016) but also focusing on eruptive cycles and repose periods (Degruyter & Huber, 2014; Townsend, 2022; 
Townsend & Huber, 2020; Townsend et al., 2019). The model presented here includes space-time-composition 
dependent volatile partitioning between phases, which in turn causes the main physical properties affecting the 
dynamical evolution of the system, i.e., density and viscosity, to also vary as a function of space and time; and 
multicomponent magmatic systems. Insomuch as this description is more accurate in terms of capturing magmatic 
properties, solutions of our model are computationally very expensive. Moreover, our model considers a closed 
magmatic system, that does not exchange mass, momentum nor energy with its surroundings. This assumption is 
justified by the short time scales (order of a few days at most) of the processes described in this work. Pressure 
variations, albeit relatively small, obtained as a result of the dynamical interactions described here occur on the 
same short time scales. Models that reproduce observed ground deformation patterns tend to include a more 
simplified description of magmatic properties (density, viscosity (Le Mével et al., 2016)); they often include rock 
mechanics, and typically assume a continuous mass input from depth into shallow reservoirs, either explicitly or 
introducing pressure boundary conditions at the bottom of the modeled system (Segall, 2016). Results from these 
models show that pressure typically has an exponential long-term evolution toward equilibrium after an event 
such as an eruption, as, on average, magma flow is driven by pressure difference itself neglecting the small scale 
complexities included in the model presented here.

4. Conclusions
Under necessary simplifications, the present results reflect a high level of sophistication in solving the complex 
physics of magmatic systems, capturing a number of relevant first order aspects of the real world such as the 
complex relationships and feedbacks between magma compositions, multispecies volatile contents, magmatic 
properties, and flow variables and dynamics; and the interdependence between processes and dynamics occur-
ring in magmatic subdomains extending over several km in depth and width. Of specific relevance for the anal-
ysis in this work are the diverse roles of buoyancy and pressure forces in driving the dynamics and determining 
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system evolution. In particular, buoyancy and pressure forces are found to originate very different dynamics and 
exert largely different controls on magma injection dynamics, leading to diverging evolutions. The present results 
suggest that even a slightly unstable density profile is enough to enter a regime where convection and mixing are 
dominant and effective; while stable density profiles translate into intrusion at chamber bottom only, with limited 
or no lateral flow, and limited or no mixing between the injected and resident magmas.

Thus, efficient injection, convection, and mixing dynamics typically observed in erupted products (Morgavi 
et al., 2017), strictly require the action of buoyancy. Convection and mixing are invariably accompanied by sink-
ing of dense magma into the feeding dyke. In all simulated cases with buoyancy, efficient magma mixing takes 
place at upper dyke level, quickly causing the new magma entering the shallow chamber to lose its end-member 
compositional identity. That happens the faster and more effectively for larger buoyancy, irrespective of pressur-
ization. Pressure and buoyancy forces contribute to the overall system evolution, with the former controlling the 
short-term dynamics, and the latter being more effective over longer times. On the short time scale a relatively 
fast pressure redistribution is observed, that triggers an initial high-rate injection of deep magma at shallow levels. 
This is followed by a much longer buoyancy-controlled phase with generally lower injection rates. The evolu-
tion of overpressure in the shallow chamber reflects such separate time scales, with an initial fast pressurization 
amounting to 80%–90% of the overpressure carried by the deep rising magma, followed by long-term pressure 
decrease of order a few tenths of MPa during the subsequent buoyancy-controlled convective phase. Space-time 
varying pressure trends as those observed here can have an effect on the expected ground deformation patterns 
recorded at volcanoes, possibly questioning some of the assumptions often used when inverting geodetic signals. 
The Supporting Information S1 contains comparison of the stresses acting on the reservoir walls for a Mogi 
model (Mogi, 1958) and for our calculations: as expected, the model predictions differ substantially from the 
constant-stress Mogi approximation.

Our work focuses on the Campi Flegrei caldera, but the results can be extended to other volcanic systems char-
acterized by evidence of mingling and mixing among magmas of different compositions (Anderson,  1976; 
Morgavi et al., 2017). Many erupted magmas suggest a rich history of interaction and mixing between different 
end-members, and the literature abounds with such examples (e.g., Alves et al., 2021; Anderson, 1976; Cioni 
et al., 1995; Griffin et al., 2002; Ji et al., 2021; Yang et al., 2007; Zhang et al., 2021). Quite often, repetitive 
magma mixing events are recognized from the analysis of the erupted products, and they are usually inter-
preted as periodic arrivals of new magma inside a chamber (e.g., Caroff et al., 2021; Cioni et al., 1995; Civetta 
et al., 1991; Coppola et al., 2017; Neumann et al., 1999; Yanagi & Maeda, 1998). Based on the present results, 
we argue that the common condition likely to dominate much of the history of shallow magmatic bodies is that 
of periodic arrivals of lighter magma carrying little or no excess pressure, giving rise to efficient convection and 
mixing and causing limited pressure change, more negative for larger density contrast (larger Ar). Shallow level 
exsolution of volatiles and magma degassing which largely feeds volcanic plumes and fumaroles, either accompa-
nied or not by cooling and crystallization of magma, provides a universal mechanism for shallow magma density 
increase (e.g., Girona et al., 2015). This originates buoyancy forces drawing deeper, less degassed magma toward 
shallow levels. Under the ubiquitous action of magma degassing at shallow level new batches of volatile-rich, 
light magma can be periodically brought to shallow levels, partly replacing previously degassed, dense magma 
sinking down, and efficiently mixing with the ascending magma. Nevertheless, care must be taken when apply-
ing our results to much more evolved magmatic compositions than those employed here (e.g., in arc settings; 
Ruprecht & Bachmann, 2010). In these settings, relevant physical properties, especially viscosity, can vary from 
what is shown in this work, resulting in very different viscosity-dominated time scales of buoyant interaction.

While buoyancy exerts a dominant control on the occurrence of magma convection and mixing, and in general 
controls magma injection at shallow level, there seems to be little chance for a system to evolve toward an 
eruption without the contribution of pressure forces: our results show that no major pressure changes are associ-
ated to buoyancy-driven mingling dynamics, which can be therefore maintained over long times.

The common process of shallow magma degassing could thus be the controlling factor originating stable condi-
tions for periodic refilling of shallow magma chambers by buoyant magma, giving origin to repeated events 
of magma mixing similar to those that are observed or reconstructed at many volcanoes worldwide (Morgavi 
et al., 2017). These events may be related to progressive loss of exsolved fluid phases that have accumulated the 
top of the magmatic plumbing system (Figure 2), through fractures or pores, on time scales much longer than 
those simulated in this work (Aiuppa et al., 2013). Fluid loss contributes to density increase in the shallower 
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regions of the plumbing system, thus favoring destabilizing, buoyancy-driven mingling dynamics as magmas 
ascend in the crust. Similar dynamics to that described here can be seen in lava lakes: as the outer crust solid-
ifies and becomes denser, it tends to cyclically sink and expose fresh, less dense lava from below (Witham & 
Llewellin, 2006).

Conversely, the occurrence of an eruption requires an important buildup of pressure over a time sufficiently 
short to escape any attempt by the volcanic system to re-equilibrate at the new conditions. Buoyancy-controlled 
magma injection dynamics by themselves are unable to achieve such pressure buildup, which instead necessarily 
requires some other process different from buoyancy and associated convection and mixing. Here, we simulate 
the case where the magma inside the dyke is overpressurized, mimicking a situation typical for dyke propaga-
tion. The simulations involving an initial overpressure may therefore be seen as starting at a time when the last 
diaphragm separating a rising dyke from a shallow magmatic reservoir is broken. However, our simulations do 
not investigate the origin of the overpressure. We can speculate on it, by invoking progressive or sudden (e.g., 
due to an earthquake) accumulation of tectonic stress, transients in magma production rate at depth, deep events 
associated with magma expansion under confined conditions, etc. Significant overpressure may also be gener-
ated directly at shallow level, e.g., due to events causing changes in the relative rates of magma exsolution and 
degassing (such as precipitation-induced sealing of confining rocks). In general, however, it seems that pressure 
buildup requires the occurrence of processes or events less obvious and universal than just shallow magma 
degassing originating buoyancy. Accordingly, the present results concur to provide a simple explanation for the 
observed long sequences of repeated shallow magma injection and mixing events which appear to represent the 
normal condition at most volcanoes worldwide; while the occurrence of a volcanic eruption disrupting such a 
dynamically stable setup requires the generation of less common conditions leading to sufficient pressure buildup 
somewhere in the magmatic domain.

Data Availability Statement
The GaLeS numerical code and the simulation setups are accessible, respectively, at https://gitlab.com/dgmaths9/
gales (code repository) and at https://doi.org/10.5281/zenodo.7375639 (simulated cases).
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