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Abstract The invasion of active magma chambers by primitive magma of deeper provenance is a
frequent occurrence in volcanic systems, and it is commonly associated with pressurization. Chamber
replenishment is driven by pressure and buoyancy forces that cause magma ascent towards shallow depths.
We examine the end-member case of pure buoyancy-driven (natural) convection in crustal reservoirs
deriving from the presence of degassed, dense magma at shallow level, that can originate a gravitational
instability. Space-time-dependent numerical simulations of magma dynamics in composite underground
systems reveal highly nonlinear pressure evolution dominated by decompression at shallow depths. This
counterintuitive result originates from the compressible nature of multiphase magmas and their complex
convection and mixing dynamics. Shallow magma chamber decompression on replenishment is favored by
large volatile contents of the uprising magma, resulting in large density contrasts among the resident and
the incoming components. These results show that the intuitive concept of magma chamber pressurization
upon replenishment may not always hold in real situations dominated by buoyancy, and provide new
perspectives for the interpretation of geophysical records at active volcanoes.

Plain Language Summary A common process at active volcanoes worldwide is the arrival of
magma from depth of tens of kilometers into shallower (depths of some km) reservoirs (‘‘magma chambers’’),
containing themselves magma that can be different in terms of gas content and composition. We present
numerical simulations that describe this process, with particular reference to the Campi Flegrei volcano in
Italy. Our results show that, depending on the specific conditions and the gas contents of the two magma
types, this process can lead to a decrease in pressure of the shallow chamber. When interpreting ground
deformation signals, very often magma rise toward shallow depths is linked to inflation, caused by pressure
increase. Our work suggests that this interpretation might sometimes be misleading or oversimplified.

1. Introduction

Magma chambers below active volcanoes can stay hot and mobile and retain the capability to generate
eruptions over periods much longer than their typical cooling time-scales, thanks to periodic arrivals of
deep magma [Marsh, 2000; Zellmer et al., 2003; Annen et al., 2006; Burchardt et al., 2012; Pagli et al., 2012].
Previous authors [Sparks et al., 1977; Ewart et al., 1991; Huppert and Woods, 2002; Wadge et al., 2006; Chang
et al., 2007; Voight et al., 2010] invariably associate magma injection to chamber pressurization as unavoid-
able consequence of replenishment.

Two end-member conditions can be identified in association with magma rise and chamber replenishment:
pure-forced convection due to the action of pressure forces, and pure natural convection due to the action
of buoyancy forces. Natural situations likely correspond to some intermediate condition; however, the rele-
vance of buoyancy forces is expected to increase, and maybe dominate, when different magma reservoirs
placed at different depths stay interconnected through open pathways for a time sufficiently long com-
pared to the time scale of shallow magma degassing [Annen et al., 2008]. In fact, degassing critically
depends on pressure and is far more efficient at shallow levels, determining local magma density increase
and conditions of gravitational instability, eventually triggering magma rise from depth [Scandone et al.,
2007].

In this paper, we analyze the end-member case where magma rise, convection, and mixing are driven by
pure buoyancy forces resulting from shallow magma degassing in a vertically extended magmatic system.
The simulated domain consists of a several kilometers long, 2-D, constant-volume magmatic system
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comprising a small, shallow chamber connected
through a vertical dyke to a larger, deep chamber
hosting less chemically evolved magma. The results
demonstrate that shallow chamber decompression
is likely to occur, and is more effective for larger vol-
atile content of the deep magma. Such a nonintui-
tive result, decompression upon replenishment,
originates from the compressible nature of magma
and the complex dynamics involving convection
and mixing at different levels in the magmatic
domain. While next investigations should include
pressure forces as a trigger for magma chamber
replenishment, this work suggests that current
paradigms invariably relating the arrival of deep
magma into shallow reservoirs to compression, and
to ground uplift, may not hold when buoyancy
forces dominate.

2. Simulated Domain and Magma Properties

The simulated two-dimensional domain is shown in Figure 1. A shallow magma chamber with top at 3 km
depth forms the upper portion of a large, vertically extended magmatic system. The shallow chamber ini-
tially hosts differentiated, partially degassed magma (phonolite), while the deeper, larger reservoir and the
connecting dyke host volatile-rich, more primitive magma (shoshonite, Table 1). The compositions selected
are characteristic of Campi Flegrei and Vesuvius volcanoes in Southern Italy [Mangiacapra et al., 2008]. The
top of the deep reservoir is at 8 km depth; the latter is an elliptical sill, with horizontal and vertical semiaxes
of 8 and 1 km, respectively. A set of five simulations have been run, characterized by different geometry
and volatile content of the shallow reservoir (Table 2). The latter has an elliptic geometry with axes 400 3

800 m in the oblate and prolate cases, and a radius of 283 m in the circular case, resulting in the same sur-
face area. The volatile content in the evolved phonolitic magma has been varied from 0.3 wt.% CO2 and 2.5
wt.% H2O to 0.1 wt.% CO2 and 1 wt.% H2O. This idealized layout captures several first-order characteristics
of prototype magmatic systems, including a composite structure, vertical extension, and heterogeneous
composition [Ryan, 1994; Marsh, 2000; Carrigan, 2000; Zellmer et al., 2003], and it approximates systems
composed by long-lived, interconnected multiple reservoirs believed to exist at many active volcanoes [e.g.,
Ewart et al., 1991; Elsworth et al., 2008; Elders et al., 2011; Bagnardi and Amelung, 2012; Reverso et al., 2014].

The compositional interface is initially placed at shallow chamber inlet (Figure 1). The initial pressure distri-
bution is determined by lithostatic load at system roof (average rock density 2500 kg/m3) and magmastatic
distribution in the fluid according to pure buoyancy-driven dynamics analyzed here, resulting in magmatic
pressures ranging from 75 to 210 MPa. This results in a pressure difference between magmatic and litho-
static ranging between 0 and 15 MPa, with the highest values at the bottom of the deeper chamber. It is
expected that the elastic response of the surrounding rocks will slightly reduce the deep chamber volume
and increase the pressure, buffering the magmatic-lithostatic pressure difference. In the present simula-
tions, the elastic response is not included, thus this effect is neglected; however, magmatic-lithostatic pres-
sure differences do not exceed a few MPa where most dynamics develops, i.e., in the shallow chamber and
upper dyke. Figure 2 summarizes the main physical properties of the two magma types in the relevant
range of pressures. Gas-liquid partition of volatiles (H2O and CO2) is determined by modeling the nonideal
multicomponent gas-melt equilibrium in magmas [Papale et al., 2006] (Figures 2a–2d); as a result,

Figure 1. System geometry and initial conditions for simulation
#1 in Table 1.

Table 1. Composition of the Alkaline Magmas Employed in the Simulations [from Mangiacapra et al., 2008]

Composition
SiO2

(wt.%)
TiO2

(wt.%)
Al2O3

(wt.%)
Fe2O3

(wt.%)
FeO

(wt.%)
MnO

(wt.%)
MgO

(wt.%)
CaO

(wt.%)
Na2O
(wt.%)

K2O
(wt.%)

Phonolite 53.5 0.6 19.8 1.6 3.2 0.1 1.8 6.8 4.7 7.9
Shoshonite 52.5 0.9 17.6 1.9 5.7 0.1 3.6 7.9 3.4 4.3
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Table 2. Simulations Performed

Simulation
noa

Shallow Magma: Phonolite Deep Magma: Shoshonite

Shallow
Chamber
Geometry

Density Contrast
at Initial
Interface
(kg/m3)

Maximum
Simulated

Time (s)

Liquid Density
at Initial
Interface
(kg/m3)

Total H2O
Content
(wt.%)

Total CO2

Content
(wt.%)

Liquid Density
at Initial
Interface
(kg/m3)

Total H2O
Content
(wt.%)

Total CO2

Content
(wt.%)

1 2376 2.5 0.3 2460 2.0 1.0 Oblate 35 27,950
2 2378 2.5 0.3 2461 2.0 1.0 Prolate 20 26,950
3 2377 2.5 0.3 2461 2.0 1.0 Circular 28 21,590
4 2456 1.0 0.1 2468 2.0 1.0 Oblate 160 15,520
5 2458 1.0 0.1 2470 2.0 1.0 Prolate 135 18,400

aCase no 1 is reported in Figures 1, 3 and 4.

Figure 2. Properties of magmas employed in the simulations, as a function of pressure. Pressure in the simulations ranges from about
75–225 MPa. A larger range, down to atmospheric pressure, is shown here for completeness; the simulation range is the white box in plots
(a) to (f). (a–d) Computed H2O-CO2 saturation conditions [Papale et al., 2006]. Calculations can be performed on-line at http://vmsg.pi.ingv.
it (follow link to code SOLWCAD). (a) Dissolved H2O content. (b) Dissolved CO2 content. (c) Composition of the gas phase, in terms of CO2

content. (d) Gas volume. (e) Density of the multiphase magmatic mixtures. (f) Viscosity of the liquid (thin lines) and liquid 1 gas (thick lines)
mixtures.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006731

PAPALE ET AL. PRESSURE EVOLUTION IN MAGMA CHAMBERS 1216

http://vmsg.pi.ingv.it
http://vmsg.pi.ingv.it


multiphase mixtures’ densities [Kerrick and Jacobs, 1981] range roughly from 2000 to 2400 kg/m3 (Figure
2e). At the initial interface between the two magma types, corresponding to a pressure of roughly 80 MPa,
the volatile-rich shoshonitic mixture coming from depth has a higher liquid density (Table 1), but contains
more exsolved gas and is therefore lighter than the resident, evolved phonolite, originating a composition-
ally driven gravitational instability (Figure 2e). This initial condition aims at reproducing the effects of chemi-
cal processes such as compositional evolution and degassing, which overall contribute to a density increase
in the shallow regions of a spatially extended, interconnected magmatic system [e.g., Kazahaya et al., 1994]
periodically experiencing recharge events, possibly through permanently open pathways [e.g., Di Renzo
et al., 2011]. There is clearly a degree of artificiality in the selected initial condition, as more likely, in nature,
a dyke connecting deep volatile-rich and shallow degassed magmas would host at any time a mixture of
them. Because any different selection of initial conditions would be equally arbitrary, we refer here to the
extreme case where buoyancy forces are most effective and acting at shallow chamber inlet. As in many
numerical simulations where somehow arbitrary initial conditions must be assumed (e.g., constant mass
flow rate when simulating the onset and evolution of volcanic plumes, as in Esposti Ongaro et al. [2008]),
care is required in order to avoid overinterpretation of results concerning the initial transient dynamics,
focusing instead on the long-term system evolution.

Liquid viscosity (Figure 2f) varies in space and time as a function of composition and dissolved water con-
tent [Giordano et al., 2008]. The effect of gas bubbles is accounted for by assuming nondeformable bubbles
[Ishii and Zuber, 1979]; this is justified by the small gas volume fractions at the relevant pressures, that result
in small gas bubble radii and guarantee sufficiently low capillary numbers (Ca). The latter is a posteriori eval-
uated to reach maximum values of order 1021 within the spatial resolution of the computational grid. Post-
processing analysis of the numerical results show that non-Newtonian effects due to bubble deformation
are expected to be very limited, possibly acting on spatial scales of order 1 cm or less across sliding layers
of compositionally different magmas; a more detailed discussion is in the supplementary information. For
the magmas adopted, with compositions typical of Neapolitan volcanoes (Table 1), viscosities are in the
range 1022103 Pa s (Figure 2f). More silicic magmas (rhyolites) are characterized by substantially higher vis-
cosities; in such cases, convection and mixing are expected to occur on significantly longer time scales.
Besides being relevant for real cases including the Neapolitan volcanoes, those at Canary Islands, and many
others in the world, the employed compositions ensure reasonable computational efforts.

3. Physical Model

Numerical simulations are performed with GALES [Longo et al., 2012], a finite element code solving mass,
momentum, and energy equations for homogeneous multicomponent gas-liquid (6 crystals) mixtures in
compressible-to-incompressible flow conditions. The mesh is discretized in >105 elements with 1022 s time
step, after having verified on a set of separate tests that this setup provides numerical stability and afford-
able computational costs. Spatial resolution varies from tens of centimeters in the dyke and close to shallow
chamber inlet, to a maximum of about 2 m in the shallow chamber, and up to 10 m in the deep chamber
where the dynamics is poor.

In order to reduce the computational challenges, the present simulations assume constant temperature, set
to 1300 K, and neglect the presence of crystals. The isothermal assumption is justified as thermal exchange
in the short time frame (hours) over which the simulations develop is not expected to be large, and because
magmatic temperature differences in similar settings are often smaller than 10% [Sparks et al., 1977]. Under
this assumption, the dynamics of the magmatic system is described by the equations of mass conservation
for each end-member magmatic component, and momentum conservation for the mixture:

@qyk

@t
1r � qvykð Þ52r � qDkrykð Þ; k51; 2

@qv
@t

1r � qvv1pIð Þ5r � l rv1rvT
� �

2
2
3

l r � vð ÞI
� �

1qg
: (1)

In the above, q is density, yk is the mass fraction of k-th component (each of the two end-member magmas),
v is velocity, Dk is the k-th coefficient of mass diffusion, I is the identity matrix, l is viscosity, and g is the
magnitude of gravity acceleration. Bulk viscosity is not included in equation (1), as its effects are estimated
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to be negligible: computed variations in gas volume fraction of individual magma parcels are order 1022

over the time scale of hours. Equation (1), closed by space-time-dependent magma properties [Kerrick and
Jacobs, 1981; Lange and Carmichael, 1987; Giordano et al., 2008] and nonideal gas-melt equilibrium thermo-
dynamics [Papale et al., 2006], as described in section 2 and Figure 2, are solved for weight fractions, veloci-
ties and pressure.

The second of equation (1) (momentum conservation) implies that the gaseous and liquid phases are
mechanically coupled, or in other words, they have at any time in our simulations the same velocity pat-
terns. This is justified by small gas bubble diameters (between 3 and 15 lm) at the highest gas volume frac-
tions (about 12%, Figure 2d) found in our simulations, assuming gas bubble number densities in the range
101421016 m23; and by the relatively short time, of order hours, of our simulations.

Zero velocity everywhere is set as initial condition, and no slip is imposed at solid boundaries. Magma mix-
ing is accounted for by weighting the properties on those of the end-member magmas based on their
respective local proportions. This approximates mechanical mingling, appropriate for the relatively short-
time scales of the simulations and large grid size.

4. Numerical Results

Videos in the supporting information show the computed time-space distribution of composition (weight
fraction of shoshonitic magma), overpressure, density, and gas volume, for simulation #1 in Table 1, for
which snapshots are provided in Figure 3. The initial gravitational instability rapidly evolves to buoyant
plumes of volatile-rich magma rising and expanding in the shallow chamber (Figure 3a). Complex convec-
tive patterns develop, favoring magma mixing and progressively leading to the formation of a gas-rich cap

Figure 3. Simulation #1 in Table 1: zoom views of the shallowest 1 km. (a) Evolution of composition. The compositional scale goes from
zero (pure phonolite, blue) to 100% shoshonite (red). (b) Evolution of mixture density. (c) Evolution of gas volume fraction.
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at chamber top (Figures 3c and 4b). Convection pushes part of the mixed phonolite-rich, negatively buoy-
ant, dense magma into the feeding dyke, resulting in progressive partial replacement by light, gas-rich mag-
ma rising from depth. As a consequence, the initial density contrast is converted into a smooth, quasi-stable
density profile (Figures 3b and 4a). The density contrast is almost totally removed after about 8 h, when
�15 wt.% of the dense phonolite has sunk into the feeding dyke, and the total mass inside the shallow
chamber has decreased by �0.2%.

Figure 4 shows vertical profiles of density and gas volume fraction at different simulated times for simula-
tion #1 in Table 1. Each line reports a horizontally averaged quantity at corresponding depth. The establish-
ment of a quasi-stable density profile corresponds to a complex gas volume profile; the depth at which it
returns to a smooth decrease is the depth reached by the sinking magma.

Figure 5 shows the evolution of vertical overpressure, averaged over horizontal planes, computed with
respect to initial time. The pressure is found to decrease in the shallow portion of the magmatic system
comprising the upper chamber (Figure 5 and supplementary information Video ms02). This effect is exacer-
bated when the initial density contrast is large as a consequence of larger volatile content of the uprising
magma (Table 1). Conversely, the pressure increases in the deeper system portions comprising the large
feeding chamber (Figure 5).

Figure 4. Vertical profiles of horizontally-averaged (a) density and (b) gas volume fraction for simulation #1 in Table 1. The horizontal-
dashed lines indicate dyke top and bottom.

Figure 5. Vertical profiles of horizontally-averaged pressure, in terms of difference with the initial magma-static distribution, computed as
an average on mesh nodes at same depth. The different colors and the horizontal-dashed lines have the same meaning as in Figure 4. (a)
Simulation #1 (Table 1) reported in Figures 1, 3, and 4. (b) Simulation #2 in Table 1, where the density contrast between end-member
magmas is larger. Injection of volatile-rich magma causes pressure decrease in the shallow chamber, and pressure increase at depth.
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5. Discussion

Computed pressure changes show large hetero-
geneities in space and time. Supplementary
information Videos and Figure 5 show that the
arrival of magma from depth under the action of
pure buoyancy forces may cause shallow cham-
ber decompression, instead of compression as
pure intuition may suggest. This is the conse-
quence of net mass loss in the shallow regions
of the domain, due to the exchange among the
two magmas with different densities. In this sec-
tion, we (i) postprocess the numerical results to
better illustrate the pressure evolution in the
shallow chamber, (ii) analyze the fundamental
physics underlying shallow chamber decompres-
sion, and (iii) discuss some additional factors not
yet accounted for.

In order to illustrate shallow chamber pressure
evolution, we refer to a lumped value, obtained
by weighting the contribution from each com-
putational element in the chamber. This value
represents a volume-averaged pressure within
the upper chamber, obtained a posteriori from
the solution of the equations of motion (equa-
tion (1)). Figure 6a illustrates lumped pressure
evolution for all simulations in Table 1. Small ini-
tial magma density contrasts reflect into small
pressure changes, either positive or negative;
larger density contrasts lead to significant pres-
sure decrease in the shallow chamber, highlight-
ing the importance of the volatile content of the
refilling magma. Pressure variations in the sys-
tem are always smaller than 1 MPa; such small
values ensure self-consistency, as pressure gra-
dients at the magma-rock interface do not
exceed rock tensile strengths measured in the
range 0.5–6 MPa [Gudmundsson, 2006]. Nonethe-
less, as tensile strengths in the crust can be
smaller than those obtained from the laboratory
[Krumbholz et al., 2014], there may be cases
where host rock failure is triggered by the pro-
cesses described here.

Pressure is nonlinearly related to the evolving distributions of all other quantities in equation (1). In order to
understand their overall trends and mutual relationships, we can volume-average the numerical results in
the upper chamber, as we did in Figure 6a for pressure, to obtain lumped density, gas volume fraction, etc.;
results are shown in Figures 6b–6e. The different initial values reflect different initial conditions in the shal-
low chamber, with marked differences existing between cases #1,2,3 on one side, and cases #4,5 on the oth-
er side (Table 2), the latter corresponding to initially more degassed resident magma. All these quantities
relate to each other as described by equation (1), and their evolution in Figure 6 can only be computed by
solving the full set of equations. On a zero-order approximation, however, the relationships between those
quantities are not expected to depart much from an ideal Equation of State (EOS), obtained by combining a
standard mixing rule for mixture density and ideal EOS for the gas phase (see the Appendix A for its
derivation):

Figure 6. Evolution of lumped quantities in the shallow magma
chamber. Different lines correspond to different simulated cases in
Table 1: case #1: blue; #2: black; #3: red; #4: green; #5: magenta. (a)
Pressure. (b) Gas volume. (c) Mixture density. (d) Gas constant.
(e) Liquid density. The more primitive shoshonite liquid is denser
than the chemically evolved phonolite liquid initially hosted in the
shallow chamber; accordingly, the overall liquid density in the
shallow chamber increases with time.
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In equation (2), P is pressure, R is specific gas constant, T is temperature, q and e are density and gas volume
fraction, respectively, the subscript liq refers to the liquid phase, and the subscript lum indicates lumped quanti-
ties. Apart from temperature, all other quantities depend on time t and affect the evolution of pressure. Progres-
sive substitution in the shallow chamber of gas-poor, dense magma with gas-rich magma of deep origin implies
an overall gas volume fraction increase (Figure 6b) and density decrease (Figure 6c). Gas-liquid equilibrium rela-
tionships (Figure 2) are such that the lumped gas constant can either decrease or increase (Figure 6d). Lumped
gas constant evolution reflects changes in gas phase composition, with lower values corresponding to more
CO2-rich gas phase. In cases #1,2,3, the conditions are such that initially the gas in the shallow reservoir is richer
in H2O with respect to the gas phase in the buoyant magma at the same pressure. Accordingly, the gas constant
decreases with time. The reverse occurs in cases #4,5 (see Figure 2). In the range of simulation pressures, the
CO2 content for the deep shoshonite is intermediate between those of the volatile-poor (simulations #1,2,3) and
volatile-rich (simulations #4,5) phonolites. The implication is that mixing of the deep shoshonite with the shallow
phonolite results in increase (simulations #1,2,3) or decrease (simulations #4,5) of the average CO2 content in
the gas phase coexisting with the mixed magma. That explains the different trends of the lumped gas constant
in the shallow chamber, illustrated in Figure 6d. The overall liquid density in the chamber tends to increase (Fig-
ure 6e) because the incoming shoshonitic liquid is denser than the resident, more evolved phonolitic liquid, and
because further exsolution of volatiles from the shoshonite implies further liquid density increase (Figure 2).
While such trends are logical and intuitive, their combination to determine pressure evolution is highly nonline-
ar, as the zero-order approximation at equation (2) combined with the trends in Figure 6 illustrate; and as it is
represented with much higher sophistication, including the dynamic contribution to pressure evolution, in the
transport equation (1) combined with models for magma properties described in section 2. The numerical simu-
lations reveal the complex, nonintuitive pressure patterns illustrated in Figures 5 and 6a: decrease in the shal-
lower regions of the domain, counterbalanced by increase at depth.

In the range of simulation pressures, the gas volume in the end-member magmas goes from about zero to
<20%; actual gas volume fractions in the simulations never reach such high values because no pure gas-rich
shoshonite is present at depths corresponding to low pressures in the simulated domain. The nonlinear role
played by gas volume fraction, and illustrated in equation (2), is particularly relevant, embodying multiple
aspects of the physics of the system. On one side, expansion (increase in e) implies lower density therefore (i)
decreased mass in the fixed volume chamber and (ii) lower contribution to pressure by the load of overlying
layers of magma; on the other side, it causes compression of the surrounding fluid therefore pressure increase.
These contrasting effects are at the core of nonlinear evolution of pressure, the fate of which, while being
bound by the laws of physics to the evolution of all other quantities, cannot be simply anticipated.

Computed pressure increase in the deep chamber for the simulations in Table 1 ranges from 0.1 to 0.7 MPa,
generally increasing with increasing magma density contrast. The volume-averaged pressure computed
over the whole domain is found to increase: thus, the system as a whole undergoes compression as a con-
sequence of expansion at shallow level. The present results show that such an overall compression results
from highly heterogeneous pressure patterns, with decompression dominating at shallow levels.

Since the simulated system as a whole undergoes compression, the dominant signal observed on the sur-
face is expected to be inflation; that, however, reveals very little of the complex pressure evolution in the
underground system. Inversion of the deformation pattern to determine a geometrically simple, homoge-
neous source, as it is common practice at active volcanoes, would completely miss the complex heteroge-
neities described here, excessively oversimplifying the system. The development of a new generation of
inverse methods overcoming the assumption of homogeneous, simple, localized source is necessary in
order to approximate magmatic systems more realistically.

This investigation is limited to the end-member case of pure buoyancy-driven, or natural, convection; the
opposite end-member, pure pressure-driven (forced) convection, requires a domain with the same magma
composition throughout, and open system conditions to account for mass in-flow into the system. Forced
convection conditions correspond to the assumption, employed in previous studies, that mass is added to
the shallow system upon replenishment, a situation that invariably leads to pressurization; e.g., Degruyter
and Huber [2014] used a lumped model approach to investigate chamber pressure evolution, including the
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viscoelastic response of chamber walls. Next investigations should consider the whole spectrum of condi-
tions from pure buoyant (this work) to pure forced [e.g., Degruyter and Huber, 2014], including intermediate
situations where buoyancy and pressure forces concur to determine pressure evolution. While such inter-
mediate situations may more closely approach the conditions effective in natural systems, the results pre-
sented here suggest that the common paradigm that associates compression and ground uplift to new
arrivals of magma into a shallow chamber may not hold when buoyancy forces dominate.

Other potentially relevant aspects not yet accounted for in our analysis include the elastic response of country
rocks, expected to partially buffer pressure changes in the magmatic system; the changes described here may
thus be regarded as upper limits. The size of the connecting dyke is expected to play a relevant role in terms
of efficiency of the mixing processes [Montagna et al., 2015]: larger dykes might enhance the dynamics and
increase the magnitude of pressure variations. Conversely, narrow dykes might prevent efficient mass transfer
at dyke level, and suppress the dynamics. The volume of the shallow magma chamber is also expected to
affect the rate and magnitude of pressure changes. Since the present numerical simulations are costly in
terms of computational time, the present analysis is limited to the cases illustrated here; future investigations
will be carried out to consider the potential roles of additional quantities not yet analyzed.

6. Conclusions

Magma chamber rejuvenation and recycling of partially degassed magma are thought to be common occur-
rences at active volcanoes [Francis et al., 1993; Allard et al., 1994; Kazahaya et al., 1994; Landi et al., 2008]. The
present numerical results illustrate their dynamics for the extreme case where convection is triggered by pure
buoyancy forces, revealing highly heterogeneous pressure evolution with unexpected pressure decrease in
the shallow portion of a composite magmatic system. Similar counterintuitive pressure patterns associated
with underground magmatic system dynamics are emerging from very different approaches. Although deal-
ing with processes implying magma intrusion and shallow sill emplacement, different from magma chamber
replenishment analyzed here, recent analogue experiments [Kavanagh et al., 2015] and physical modeling
[Macedonio et al., 2014] show that the upper part of a magmatic system can be dominated by decompression,
contrary to common perception. Similarly, chamber pressure decrease upon replenishment is described by
Carrier et al. [2015], as a consequence of progressive damage of the volcanic edifice subject to mechanical
deterioration due to repeated earthquakes. All these studies concur with the present one in suggesting that
several mechanisms may operate in determining a decrease of shallow system pressure, not necessarily asso-
ciated with ground deflation, while new magma is rising from depth.

Puzzling ground deformation records have been observed prior to the 2010 Eyjafjallaj€okull eruption, their driv-
ing mechanisms being still debated [Sigmundsson et al., 2010], as well as at Askja [de Zeeuw-van Dalfsen et al.,
2012], Nabro [Hamlyn et al., 2014], and many other active volcanoes. Complex patterns of ground uplift and sub-
sidence characterize many active calderas [Chang et al., 2007; Todesco et al., 2014], these volcanic systems being
often associated with shallow magmatic intrusions connected to deep, large magmatic reservoirs [Druitt et al.,
2012; De Siena et al., 2010, Greenfield et al., 2016]. The examples above refer to conditions which differ from
each other in terms of geometries, depths, and magmatic compositions including volatiles, requiring therefore
specific investigation in order to decipher their complexities. Our conclusions cannot be generalized, especially
in consideration of the potential effects of possible composition-dependent viscosity variations by orders of
magnitude. However, the results presented here contribute with a new perspective to the interpretation of non-
trivial ground deformation records. At the same time, the largely heterogeneous pressure distribution found
here and that may characterize natural magmatic systems calls for the development of more advanced signal
inversion methods in order to relate surface observations to magma conditions at depth.

Appendix A: Lumped Pressure Equation

The ideal equation of state for the gas phase in the shallow magma chamber is

P5
qGRT

pG
(A1)

where P; T are pressure and temperature, qG is gas density, R is the absolute gas constant, and pG is the
molar mass of the gas which depends on the relative proportion of H2O and CO2 in the gas phase:
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pG5
xH

wH
pH (A2)

with x; w being mole fraction and mass fraction in the gas phase, respectively, and the subscript H indicat-
ing the H2O component of the gas phase.

A simple mixing rule for the magmatic mixture gives

q5eqG1 12eð ÞqL (A3)

where q (without subscript) refers to the mixture, e is the gas volume fraction, and the subscript L refers to
the liquid or melt phase.

By combining equations (A1) and (A3):

q5e
P

RT
1 12�ð ÞqL (A4)

that can be written in terms of P:

P5RT
q
�

1 12
1
e

� �
qL

� 	
: (A5)

With reference to a magma chamber as a lumped system (subscript lum), and indicating dependence on
time t and constant temperature as from our simulations:

Plum tð Þ5Rlum tð ÞT qlum tð Þ
�lum tð Þ1 12

1
�lum tð Þ

� �
qL;lum tð Þ

� 	
: (A6)

Equation (A6) corresponds to equation (2) in the text.
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