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Abstract

The short-term, syn-eruptive interaction of magma with crustal carbonates
can largely affect the eruptive style and drive even low-viscosity magmas to-
ward large explosive eruptions. Only a few studies focus on the short-term
interaction and the physical processes behind the experimental observations
are still poorly understood. In this work, we study for the first time the short-
term magma-carbonate interaction process through a modelling approach
that provides an interpretative key of the experimental and field observa-
tions. We developed thermodynamic and dynamic models for the carbonate
dissolution and the mixing and mingling between the contaminated magma
pockets and the host magma. We find that mixing and mingling can play a
central role in modulating the efficiency of volatile exsolution. The increas-
ing viscosity of the host melt slows down the mingling, hence the mixing
process, limiting volatile exsolution. Less efficient mixing and mingling im-
ply that the fingerprints of the short-term magma-carbonate interaction can
be preserved in the volcanic deposits. Finally, we highlight a key question
that needs to be answered to constrain the mechanism and timescale of the
carbonate dissolution process.
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1. Introduction

The interaction of magma with crustal carbonates can alter the physical
properties of the melt and increase the volatile budget, with potentially rele-
vant impacts on volcanic unrest and eruptive dynamics. Volcanoes sitting on
carbonate basements and showing evidence of such interactions include but
are not limited to Colli Albani, Italy (Sottili et al., 2010; Freda et al., 2011;
Di Rocco et al., 2012; Gozzi et al., 2014), Somma-Vesuvius, Italy (Jolis et al.,
2013), Merapi, Indonesia (Troll et al., 2012; Whitley et al., 2020), Popocate-
petl, Mexico (Goff et al., 2001). These interactions may occur on different
timescales, ranging from thousands of years to seconds (Knüver et al., 2022,
and references therein). Over the long-term, magma interacts with the host
carbonate rock, causing contact metamorphism and peculiar differentiation
trends (Gaeta et al., 2009; Mollo et al., 2010; Di Rocco et al., 2012; Lus-
trino et al., 2022). Short-term (second to hours) interactions take place in
syn-eruptive regimes, as magma ascends and entrains carbonate wall rock
fragments (Deegan et al., 2010; Sottili et al., 2010; Jolis et al., 2013; Knüver
et al., 2022).

Syn-eruptive, short-term interaction has been proposed as a plausible
mechanism to trigger eruptions and enhance the explosivity of low-silica mag-
mas (Deegan et al., 2010; Freda et al., 2011; Troll et al., 2012; Jolis et al.,
2013; Blythe et al., 2015; Knüver et al., 2022). At Merapi volcano, in 2006,
there is geochemical evidence of fluctuating peaks of carbon dioxide, released
by a carbonate source, that coincides with increasing eruptive intensity (Troll
et al., 2012). Petrographic and geochemical data, supported by experiments
and thermal modelling, on the Pozzolane Rosse eruption, the largest mafic
explosive event at the Colli Albani volcanic district (Italy), provide evidence
for significant ingestion of carbonate wall rocks during magma ascent, that
may have had an impact on the eruption explosivity (Sottili et al., 2010;
Freda et al., 2011).

Experimental studies show that the dissolution of carbonate clasts in
magma generates Ca-enriched contaminated melts separated from the host
melt by a sharp mixing front (Deegan et al., 2010; Jolis et al., 2013; Blythe
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et al., 2015; Hamann et al., 2018). The properties of the contaminated melt
are strongly different from the original melt, due to calcium enrichment: the
depolymerization effect of CaO has been found to decrease melt viscosity
below 1 Pa s (Deegan et al., 2010); moreover, the high affinity of calcium
with carbon dioxide substantially increases the capability of the contami-
nated melt to dissolve CO2 (Papale et al., 2022). Also, the non-solubilized
CO2, produced by the carbonate dissolution, generates gas bubbles that nu-
cleate at the interface with the carbonate clast. Bubbles grow by diffusion
and coalescence and migrate away from the contaminated melt region when
buoyancy becomes large enough to allow for mechanical separation from the
melt phase. Bubble migration is a viable mechanism to promote mechanical
mingling between the contaminated melt and the host magma (Deegan et al.,
2010; Blythe et al., 2015). The bubble-rising process stretches the contami-
nated melt, generating filaments that can diffuse in a short timescale, hence
strongly catalysing magma mixing (Wiesmaier et al., 2015).

All the aforementioned works provide important observations on the ki-
netics of carbonate dissolution as well as on mingling and mixing dynamics.
However, the derived dissolution timescales are limited to a narrow range
of experimental conditions, and a quantitative estimation of the released gas
budget is still missing. Also, the role of mixing and mingling in controlling gas
exsolution is not quantified and the related timescales are not constrained.

The aim of this work is to model carbonate clast dissolution, mechanical
mingling and chemical mixing and infer their timescales. Then, thermody-
namic calculations are performed to provide the exsolved volatile budget,
both at the outset of the interaction and after the homogenization process is
complete.

2. Review of current conceptual model

Fragments of carbonate rocks can be picked up by the magma as it rises
to the surface (Figure 1a). A critical aspect regards the pressure dependence
of the decomposition temperature of CaCO3. Thermal decomposition of
CaCO3 in solid CaO and gaseous CO2 (i.e., decarbonation) occurs above
∼ 1120 K at atmospheric pressure conditions (Knüver et al., 2022, 2023).
When pressure exceeds a few MPa, decomposition occurs at much higher
temperatures (Peretyazhko et al., 2021). In particular, at pressure (p) and
temperature (T ) conditions representative of a magmatic plumbing system
(p < 1 GPa, 1000 K < T < 1400 K) the carbonate is mostly present as
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an amorphous solid phase (Hou et al., 2019; Peretyazhko et al., 2021). As
a consequence, decarbonation is limited to a very shallow depth while the
dissolution process (i.e., interface reaction + diffusion) predominates in all
parts of the magmatic system, including the conduit. The melt shell around
the clast is in fact contaminated in both CaO and CO2 via diffusion (Figure
1b) and CO2 gas bubbles nucleate and grow at the melt-clast interface (Figure
1b). Initially, the bubbles are embedded in the contaminated region. Then,
when they are large enough for the buoyancy force to overcome viscous forces,
they rise stretching the contaminated melt and generating thin filaments
(Figure 1c), promoting mingling between the contaminated and the host
melt (Deegan et al., 2010; Blythe et al., 2015; Wiesmaier et al., 2015). These
thin filaments can diffuse out in the melt on a relatively short timescale.
The CO2-rich gas bubbles, migrated outside of the contaminated region, will
interact with the uncontaminated host melt exchanging volatiles (Figure 1d).
Additional gas bubbles are also observed in the experiments at the interface
between the contaminated and uncontaminated melts (Figure 1b-d). These
bubbles are interpreted as due to either hindered bubble migration related
to the viscosity contrast between the two melts (in the dry-higher viscosity
experiments), or to CO2 ”pulsing” from the carbonate (in the wet-lower
viscosity experiments) (Deegan et al., 2010; Jolis et al., 2013; Blythe et al.,
2015). When the mixing between the contaminated region and the host melt
is complete new gas and melt phases are present (Figure 1e).

The timescales of clast dissolution, mingling and mixing are represented
by the arrows at the bottom of Figure 1. The timescale of carbonate dissolu-
tion (τdis) observed in the experiments is in the order of seconds to minutes,
for clasts with a millimetric length scale, and it increases with increasing
viscosity of the uncontaminated melt (Deegan et al., 2010; Jolis et al., 2013;
Blythe et al., 2015). The timescale of the mingling process (τmin) depends on
the viscosity of the host magma and the bubble size. The mixing timescale
(τmix) depends on the mass diffusivity of the melt oxides, as well as on the
square of the diffusive length scale, which is the characteristic length of a
contaminated melt filament. Therefore, mechanical mingling controls the
timescales of mixing by thinning the contaminated melt pocket. Even if the
timescales are not well constrained, typically, the following relation holds

τdis ≤ τmin < τmix. (1)

In this work we refer to a heterogeneous system to indicate a two-magma
system, i.e., the uncontaminated host magma and the contaminated magma
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pockets (Figure 1b-c); we refer to a homogeneous system as a single-magma
system (Figure 1e), produced by the complete mixing of the uncontaminated
host melt with the contaminated melt and the achievement of a new state of
thermodynamic equilibrium between the melt and gas phase.
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Figure 1: Conceptual drawing of the short-term magma-carbonate interaction. a) The
magma can pick up fragments of carbonate rocks as it rises to the surface; b) the melt
shell around the clast is contaminated in CaO and CO2 and CO2-rich gas bubbles nucleate
and grow at the melt-clast interface; c) the bubble rising stretches the contaminated melt
promoting mingling between contaminated and host melt; d) once migrated outside of the
contaminated region, the CO2-rich gas bubbles interact with the host magma; additional
gas bubbles are observed at the interface between the two melts; e) When the mixing is
complete new gas and melts phases are expected.

3. Methods

3.1. Carbonate dissolution

The dissolution process of solids in liquids involves two subprocesses: the
interface reaction that generates contaminated liquid and the subsequent dif-
fusion of the contaminated liquid toward the uncontaminated one. The diffu-
sion process moves the contaminated liquid away from the interface, allowing
the reaction to continue. If diffusion is slower compared to the reaction at
the interface, diffusion becomes the rate-limiting step, and the dissolution
is referred to as diffusion-controlled. Since in the experiments the clast is
observed to dissolve more quickly than the rate at which the concentration
profile flattens, the dissolution is controlled by diffusion. Furthermore, recent
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experiments (Persikov et al., 2022) show that at the interaction of carbonate-
bearing melts with basalts, the diffusion of carbon dioxide is very similar to
the diffusion of CaO. According to this, we can model the dissolution of a
spherical static carbonate clast surrounded by a shell of melt as a diffusion-
controlled process by modelling the diffusion of CaO only.

The shell radius S evolves in time according to the volume conservation

S(t)3 −R(t)3 = S3
0 −R3

0, (2)

where R(t) is the clast radius at time t, and S0 and R0 are the initial shell
radius and clast radius, respectively. The equations are expressed in spher-
ical, Lagrangian coordinates. The Lagrangian coordinate x is related to the
Eulerian radial coordinate r by conservation of volume

x3 = r3 −
(
R3 −R3

0

)
. (3)

This coordinate system has the advantage that for r = R, x = R0 and
for r = S, x = S0, hence the computational domain is fixed during clast
dissolution. The advection-diffusion equation for CaO is given by

∂ymelt
CaO

∂t
=

1

x2

∂

∂x

(
(x3 −R3

0 +R3)
4
3

x2
J

)
, (4)

J = −DCaO
∂ymelt

CaO

∂x
, (5)

where ymelt
CaO is the mass fraction of CaO in the shell of melt and D is the CaO

diffusion coefficient. From the mass conservation of the clast, we obtain the
evolution of the clast radius (see Appendix A.1)

dR3

dt
=

3

εCaO

ρmelt

ρCaCO3

∫ S0

R0

x2dy
melt
CaO

dt
dx, (6)

where ρ is density and εCaO is the ratio of the mass of CaO to CaCO3 (εCaO

= 0.56).

3.2. Chemical mixing

The chemical mixing between the contaminated and the uncontaminated
magma is described by a multicomponent diffusion model for the anhydrous
melt oxides combined with effective binary diffusion-reaction models for the
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volatile components (H2O and CO2). CO2 is dissolved in the melt in the form
of two main different species: mobile molecular CO2 (CO

mol
2 ) and less mobile

CO2−
3 groups linked to the silicate network. From rhyolite to basalt melts, the

diffusivity of COmol
2 increases, but the ratio COmol

2 /CO2−
3 decreases, leading

to a total CO2 diffusivity roughly independent on the anhydrous melt com-
position (Watson et al., 1982; Nowak et al., 2004; Baker et al., 2005; Zhang
and Ni, 2010). An interesting result for our study is reported in Baker et al.
(2005), where the diffusion of CO2 is evaluated at the interface of dissolving
calcite. Despite a large increase in the Ca content of the melt (and therefore
in depolymerization degree) near the interface, the CO2 profile is consistent
with a single diffusion value, confirming the independence of CO2 diffusiv-
ity on composition. Recently, other interesting experiments (Persikov et al.,
2022) show that at interaction of carbonate-bearing melts with basalts, no
molecular CO2 is formed and the diffusion of CO2−

3 groups has a negligi-
ble concentration dependence. Furthermore, as far as we know, there is no
evidence that the diffusion of the other melt oxides depends on CO2 concen-
tration. Therefore, we can safely treat the diffusion of CO2 as an effective
binary diffusion. On the other side, although H2O diffusion should be treated
as multicomponent (González-Garćıa et al., 2017), more experimental work
is needed to quantify its behaviour, which is therefore treated as effectively
binary (Zhang and Ni, 2010).

The multicomponent diffusion of the anhydrous melt oxides can be de-
scribed by generalizing Fick’s second law according to Onsager formalism
(Onsager, 1945),

∂y

∂t
= D

∂2y

∂x2
, (7)

where D is the diffusion matrix and y is the vector whose components are
the mass fractions of the oxides in the anhydrous melt. Equation (7) solves
for the concentration of (n – 1) components, thus the n-th component must
be arbitrarily designated as the solvent (Cussler, 2007). The effective binary
diffusion and exsolution of volatiles can be described by a reaction-diffusion
equation

∂[ymelt
H2O

ρmelt(1− α)]

∂t
= DH2O

∂2

∂x2
[ymelt

H2O
ρmelt(1− α)]− ΓH2O (8)

∂[ymelt
CO2

ρmelt(1− α)]

∂t
= DCO2

∂2

∂x2
[ymelt

CO2
ρmelt(1− α)]− ΓCO2 (9)

where DH2O(y
melt
H2O

) is the effective binary diffusion coefficient, ρmelt is the
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melt density, α is the gas volume fraction, and Γ(y, ymelt
H2O

, ymelt
CO2

, ygasH2O
, α) is

the reaction sink/source term related to the exsolution/dissolution process
(see Appendix B.2). The mass conservation of volatile species in the gas
phase is given by

∂(ygasH2O
ρgasα)

∂t
= ΓH2O (10)

∂(ygasCO2
ρgasα)

∂t
= ΓCO2 (11)

ygasCO2
= 1− ygasH2O

(12)

where ρgas(y
gas
H2O

) is the gas density, given by a perfect gas equation of state.
Now we have (n+3) variables (ymelt

1 , ..., ymelt
n−1 , y

melt
H2O

, ymelt
CO2

, ygasH2O
, αgas) for

(n+3) equations (7 - 10). Equations (7), (8)-(12) are solved by adopting
a semi-numerical approach. Assuming that the interdiffusion coefficients of
matrix D are independent of composition, Equation (7) for an infinite diffu-
sion couple can be solved analytically (see Appendix B.1); Equations (8)-(12)
are solved numerically using Matlab® (function pdepe).

3.3. Mingling dynamics

The mingling dynamics between a contaminated, low-viscosity, gas-rich
magma pocket and the uncontaminated melt are simulated using the open-
source computational fluid dynamics software OpenFOAM, which has been
already tested and benchmarked on volcanological problems (Brogi et al.,
2022). The numerical simulations are performed with the multiphase solver
icoReactingMultiphaseInterFoam which can deal with multiple incom-
pressible non-isothermal phases and phase change. However, in these sim-
ulations, we do not consider any exchange of mass and heat between the
different phases. The volume of fluid method is adopted in OpenFOAM to
resolve the position and shape of the interface separating two fluids or phases
(e.g., liquid–gas). As already shown by Brogi et al. (2022), we remark that
the details of the numerical solver and its parameters may affect the details of
the interface geometry between the contaminated and uncontaminated melts.
However, convergence tests and comparison with experimental observations
(Appendix C.1) have demonstrated that the fluid solver reproduces well the
overall dynamics of the mingling of two liquids enhanced by a rising bubble.
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3.4. Thermodynamics of melt-volatile equilibria

We use SOLWCAD (Papale et al., 2006) to calculate the multi-component
gas-melt equilibrium in a magma contaminated by the dissolution of carbon-
ate. For a given pressure and temperature, SOLWCAD requires, as input, the
melt composition and the volatile content (H2O + CO2). The total mass
fractions of the melt oxides (see Table 3.4 for notations and units), after the
dissolution of a given mass fraction of carbonate (ytotc ) in the host magma,
are given by

ytoti =
(
1− ytotc

)
ymagma
i , i = SiO2, T iO2, . . . ; i ̸= CaO (13)

ytotCaO =
(
1− ytotc

)
ymagma
CaO + ytotc εCaO (14)

where ymagma
i is the mass fraction of the melt oxide in the original host

magma and εCaO is the ratio of the mass of CaO to CaCO3 (εCaO = 0.56).
The total mass fractions of H2O and CO2 are given by

ytotH2O
=

(
1− ytotc

)
ymagma
H2O

(15)

ytotCO2
=

(
1− ytotc

)
ymagma
CO2

+ ytotc εCO2 . (16)

where εCO2 is the ratio of mass of CO2 to CaCO3 (εCO2 = 0.44). In the homo-
geneous system (i.e., t≥ τmix, Fig. 1e), these expressions (Equation 13-16)
can be used to calculate with SOLWCAD the amount of dissolved volatiles, the
gas fraction and its composition, for a given pressure, temperature, compo-
sition of the original host magma and mass fraction of dissolved carbonate.
In the heterogeneous system, the thermodynamic equilibrium imposes, as an
additional constraint, no mass exchange between the region contaminated
by the carbonate and the original, uncontaminated host magma. This con-
straint holds as long as the interface is sharp (i.e., t≪ τmix ) and the gas
bubbles are inside the contaminated region (i.e., t≪ τmin, Fig. 1b). The
gas-melt equilibrium in these two subsystems can be calculated by SOLWCAD

once we know the melt composition and the volatile content of each region.
For the uncontaminated region, the calculation is straightforward, since we
already know the composition of the original host magma. For the contami-
nated region, we can use equation (13) or (14) to derive the mass fraction of
dissolved carbonate in the contaminated region ([ytotc ]cont) if we know from
the experiments the average composition of the contaminated melt ([ytoti ]cont
or [ytotCaO]cont); once we have [ytotc ]cont, we can use equations (15) and (16) to
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calculate the total mass fractions of volatiles in the contaminated region. Fi-
nally, the mass fraction of gas in the overall heterogeneous system (

[
ytotg

]
ht
)

can be calculated by:[
ytotg

]
ht
=
[
ytotg

]
cont

β +
[
ytotg

]
uncont

(1− β) . (17)

Here,
[
ytotg

]
cont

and
[
ytotg

]
uncont

are, respectively, the mass fraction of gas in
the contaminated and uncontaminated regions, obtained by SOLWCAD; β is
the ratio between the mass of the contaminated magma and the total mass
and can be calculated as follows:

β =
[ytotc ]ht
[ytotc ]cont

, (18)

where [ytotc ]ht is a given mass fraction of dissolved carbonate in the overall
heterogeneous system.
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Table 1: Notations and units
Symbol Description Units
R clast radius m
S radius of the shell of melt m

ymelt
i

(mass species in melt)
(mass melt)

-

ymagma
i

(mass species in magma)
(mass magma)

-

ytoti
(mass species in magma + mass species in dissolved CaCO3)

(mass magma + mass dissolved CaCO3)
-

ytotg
(mass gas)

(mass magma + mass dissolved CaCO3)
-

ytotc
(mass dissolved CaCO3)

(mass magma + mass dissolved CaCO3)
-

β (mass contaminated magma)
(mass contaminated magma + mass incontaminated magma)

-

εCaO=0.56 (mass CaO)
(mass CaCO3)

-

εCO2=0.44 (mass CO2)
(mass CaCO3)

-

t time s
x spatial coordinate across the contamination front m
D matrix of interdiffusion coefficients m2 s−1

y vector of mass fractions of anhydrous melt oxides -
D binary diffusion coefficient m2 s−1

α gas volume fraction -
Γ exsolution/dissolution rate kg m−3 s−1

µ viscosity Pa s
ρ density kg m−3

cont contaminated

uncont uncontaminated

ht heterogeneous
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Table 2: mingling simulations

Properties
[ρmelt]cont 2800 kg m−3

[ρmelt]uncont 2600 kg m−3

ρgas 500 kg m−3

[µmelt]cont 1 Pa s
[µmelt]uncont 1-100 Pa s
µgas 4 ·10−5 Pa s
[α]cont 0.6
Initial conditions
shell radius 9 ·10−3 m
bubble radius 7.6 ·10−3 m
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4. Results

The exploration of the main processes occurring during short-term magma-
carbonate interaction starts from the analysis of the experimental observa-
tions from Deegan et al. (2010). The melt composition used in the modelling
is a basaltic-andesite from the Merapi volcano (Deegan et al. (2010), Table
3, Run-sample 386-19).

4.1. Carbonate dissolution

Since diffusion is considered the rate-limiting step in the carbonate disso-
lution process, the selection of an appropriate value for diffusion coefficient
(D in Equation 4), and its functional form, play a major role in the modelling.
To calibrate the diffusion coefficient, we compare our model results with the
carbonate dissolution experiments performed by Deegan et al. (2010). The
experiments show the temporal evolution of the composition measured along
traverses, from the clast-melt interface to the melt. Unfortunately, only one
chemical profile, at the very beginning of the experiment, is measured before
the complete dissolution of the clast (between 60 and 90 s). As a consequence,
the experimental data available for calibration are the concentration profile
at the beginning of the experiment and the time it takes for the solid to
completely dissolve in the melt. However, these experimental data, although
few, are of the uppermost importance. Considering the diffusion coefficient
as constant (D = 10−11 m2/s, Guo and Zhang (2020); Persikov et al. (2022)),
the modelled concentration profile is absolutely inconsistent with the exper-
iments (Fig. 2 a) and the time required for a complete clast dissolution is
five orders of magnitude higher than the experimental one. Hypothesizing a
concentration-dependent diffusion coefficient of this form

D = D0e
K(yCaO−yCaO0

), (19)

where D = 10−11 m2/s is the minimum diffusion coefficient, K is a tuning pa-
rameter and yCaO0 is the CaO concentration in the uncontaminated melt, we
are able to perfectly reproduce the experimental concentration profile (Fig.
2b). Furthermore, using Equation (19), a spherical clast with a 1 mm radius
completely dissolves in a timescale fully consistent with the experiments (≈
85 s, Deegan et al. (2010)).

After calibration, we can use the model to estimate the timescale of dis-
solution as a function of the clast radius, finding that τd ∝ R2 (i.e., R= 1
mm: τd ∼ 100 s; R= 1 cm: τd ∼ 2 hr; R= 10 cm: τd ∼ 10 days).
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Figure 2: Comparison between modelled (solid line) and experimental (circles, Deegan
et al. (2010)) concentration profiles of CaO in the melt resulting from the dissolution
of CaCO3 after 15 s. On the horizontal axis the distance from the centre of the clast;
the horizontal axis origin is the clast radius. a) Model results using a constant diffusion
coefficient D = 10−11 m2/s; b) Model results using a concentration-dependent diffusion
coefficient (eq. 19; D0 = 10−11 m2/s; K = 0.33).

4.2. Chemical mixing

The experiments performed by Deegan et al. (2010) show the temporal
evolution of the composition measured along traverses crossing the mixing
front between the contaminated melt, generated by the carbonate dissolution,
and the uncontaminated host melt. We compare the results of our mixing
model with their experiments after 300 s. The experiments are performed
at 1473 K, 0.5 GPa, and 2 wt% of water. The high-pressure conditions
employed here, dictated by the limitations of the experimental apparatus,
are not expected to affect the mixing process significantly, since the diffu-
sion coefficients are poorly dependent on pressure (Deegan et al., 2010; Guo
and Zhang, 2020). The coefficients of the diffusion matrix (D in Equation
7) are defined according to Guo and Zhang (2020). The authors obtained a
temperature-dependent diffusion matrix D for an 8-components (SiO2, TiO2,
Al2O3, FeO, MgO, CaO, Na2O, K2O) basaltic melt by simultaneously fitting
diffusion profiles of couple experiments at different temperatures (1260, 1500
◦C) and pressures (0.5-1 Gpa), by considering SiO2 as the solvent compo-
nent. In our modelling, the effective binary diffusion coefficients of volatile
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species (DH2O and DCO2 in Equation 8) are defined according to Zhang et al.
(2007) and Freda et al. (2003) (Appendix B.5). The experiments of Deegan
et al. (2010) that we want to reproduce are within the range of validity of
these two models, except for the pressure used for evaluating DH2O (1 GPa).
Nevertheless, the model of Freda et al. (2003) represents the best choice for
basalt melts (Georgeais et al., 2021). Finally, it is worth noting that we are
not using any tunable parameter to fit the model to the experimental data.

Given the uncertainties associated with experimental initial conditions,
we can say that, overall, there is qualitative agreement between experimental
and modelled concentration profiles. Experimental profiles for MgO, Na2O
and K2O are smoother with respect to the model predictions, that show
more pronounced uphill diffusion (Figure 3e-g-h). We cannot exclude that
this is a consequence of the experimental procedure used to measure the
chemical profiles. On the other side, the behaviour of CaO, which is the most
representative oxide, ranging from ∼ 10 to ∼ 30 wt%, is well reproduced by
the model, as well as SiO2 and Al2O3, although the latter are more scattered.
In general, we can say that the length scale of the modelled diffusion profiles
is consistent with the experimental data.

More importantly, our modelling takes into account the exsolution of H2O
and CO2 as a consequence of the diffusion of the melt oxides (Figure 3i-j-
k-l). This process generates a gas wave that expands from the mixing front
(Figure 3k). This result can easily explain the experimental (Deegan et al.,
2010; Jolis et al., 2013; Blythe et al., 2015) and natural (Deegan et al., 2010,
2023) observations of small bubbles at the mixing front. While the bubbles
formed during the carbonate dissolution process are CO2-rich, as will be
further discussed later, the gas generated at the mixing front is H2O-rich and
progressively enriched in CO2 (Figure 3l). This is due to the diffusion of CO2

from the contaminated melt (right side in Figure 3j) to the uncontaminated
melt (left side in Figure 3j) that decreases the solubility of water determining
a larger interfacial diffusive flux (Equation B.9) of H2O than CO2 toward the
bubble.

The time, τmix at which molecular diffusion becomes important (mixing
timescale) can be estimated as the ratio between the thickness of the contam-
inated melt pocket L and the diffusion coefficient D: τmix ∼ L2/D. We can
use a representative diffusion coefficient intermediate between the interdiffu-
sion coefficients of CaO and SiO2 (D = 10−12 m2s−1 , Table 4 in Guo and
Zhang (2020)). CaO and SiO2 are the most representative oxides, because
they are the most abundant in both melts, they undergo most changes from
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the Ca-rich to the uncontaminated melt and they are the most important in
determining the solubility of H2O and CO2, hence volatile exsolution. If any
mingling occurs, the characteristic length scale of diffusion L varies in time,
as the contaminated melt pocket is thinned in one direction and stretched
in the other (Figure 1c). Therefore, the mixing time scale τmix also depends
on the velocity gradient caused by the interaction dynamics between the
two magmas; the latter can be estimated by simulating the bubble-enhanced
mingling process.
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4.3. Mingling dynamics
Experiments (Deegan et al., 2010; Jolis et al., 2013; Blythe et al., 2015)

show that bubbles forming in the contaminated melt, at the interface with
the clast, rapidly coalesce and start to rise favouring mingling between the
two melts (Figure 1c-d). The timescale of the bubble-enhanced mingling can
be equal to or larger than the timescale of the carbonate dissolution (Equa-
tion (1)). When the dissolution timescale is large, the newly formed bubbles
rise as single bubbles moving away from one another while the clast is still
dissolving; when clast dissolution is fast, the bubbles, growing close to one
another, can rapidly coalesce forming larger bubbles or, in a limiting case,
a single bubble. Our simulations explore the last scenario that, albeit more
idealized, is not dependent on the details of the initial geometrical configura-
tion (e.g. number and initial positions of the bubbles). Furthermore, in our
modelling we do not consider the presence of a dissolving solid clast since it
would require defining a model for carbonate dissolution in silicate melts. We
hence assume that the dissolution is much faster than the mingling process,
such that the clast is already completely dissolved at the beginning of the
simulation. This scenario is consistent with the experiments of Blythe et al.
(2015) at high pressure (500MPa) for the Vesuvius wet composition. Also,
our simulations are run at a lower pressure (200MPa) with respect to the
experiments to focus on the shallower crustal magmatic system. Under these
conditions, dissolution is expected to proceed faster (Deegan et al., 2010).

The simulation setup consists of a single bubble surrounded by a shell of
contaminated melt. The physical parameters and initial conditions (Table
3.4) are consistent with a contaminated magma pocket generated by the
dissolution of 1 cm3 carbonate clast at 200 MPa and 1273 K (corresponding,
for example, to the depth of the carbonate substrate at Vesuvius, Cella et al.
(2007)). We performed two different simulations by varying the viscosity of
the uncontaminated host melt from 1Pa s (consistent with the Vesuvius wet
experiments of Blythe et al. (2015)) to 100Pa s (Figures 4, 5). The higher
viscosity value can represent host melts containing 50-60 wt% of crystals
(Caricchi et al., 2007) or at a lower temperature (Giordano et al., 2008).

Simulation results (Figures 4, 5) clearly show that the bubble rises form-
ing in its wake a filament of Ca-rich, heavier melt that gradually tapers down.
The filament is stretched on one side by the rising bubble (and velocity gra-
dients in its proximity), and on the other side by the gravity force that pulls
it down. As the stretching process continues, the filament is also broken into
many small droplets - we believe this is a numerical fragmentation due to the
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limited resolution of the mesh used for the simulations. At first, the viscos-
ity of the host melt plays a major role in determining the timescale of this
process, mainly due to different bubble rise velocities. In a few seconds for
the low-viscosity case, and hundreds of seconds for the higher-viscosity case,
the filament is stretched to roughly the same length. At larger viscosities of
the uncontaminated melt, the filament tends to fall under gravity forming a
thick drop of heavier contaminated melt. The main difference between the
two setups is the amount of contaminated melt collected in the stretching
filament. In fact, the filament will be subjected to chemical diffusion on a
shorter timescale, while the contaminated melt drop will require much longer
time to diffuse out. For example, for a representative diffusion coefficient of
D =10−12 m2s−1 (Section 4.2), a 1 µm thick filament will dissolve in 1 s and
a 100 µm thick filament in almost 3 hours (τmix ∼ L2/D). These timescales
imply that, on syn-eruptive timescales, the homogenization process can be
incomplete and contaminated melt pockets can be preserved in the volcanic
deposits.
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Figure 4: Mingling simulations at 1 Pa s. In blue the CO2 gas bubble; in black the shell of
contaminated, Ca-rich melt; in grey the uncontaminated host melt. Simulation parameters
are reported in Table 3.4 21



Figure 5: Mingling simulations at 100 Pa s. See Figure 4 for an explanation.
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4.4. Thermodynamics of melt-volatile equilibria
The heterogeneous system for which we calculate thermodynamic phase

equilibria may represent the initial state before mingling and mixing have
occurred (i.e., t< τmix, τmin Fig. 1b). The homogeneous system instead
represents the final state, when mixing process is complete (i.e., t≥ τmix,
Fig. 1e). Therefore, a comparison between the initial and final state of the
system may help to quantify the importance of the mingling and mixing
processes leading to homogenization.

The chemical interaction of magma with carbonate has important effects
on the melt-volatile equilibria. The dissolution of carbonate releases CaO
and CO2: the increase in CaO increases the solubility of CO2, favouring
its dissolution in the melt; the rise in CO2 reduces the solubility of H2O,
favouring its exsolution. The interplay between CaO and CO2 determines
a slightly non-linear increase in the mass fraction of gas when increasing
the proportion of interacting CaCO3 (Figure 6a), for the homogeneous (solid
lines) and heterogeneous (dashed lines) systems, in both water-saturated (red
colour) and water-undersaturated (blue colour) host magmas.

The water content of the host magma has a different impact on the gas
budget of homogeneous and heterogeneous systems (Figure 6b). In homo-
geneous systems (solid line in Figure 6b), the ratio between the gas mass
generated by carbonate dissolution in a water-saturated host magma and
the gas mass generated in an anhydrous host magma (i.e., the ratio between
red and blue lines of Figure 6a) rapidly decays by increasing the interact-
ing CaCO3. That means that the water content of the host magma becomes
more important with decreasing proportion of CaCO3. This behaviour is due
to water saturation that limits water vapour exsolution. In fact, the addition
of CO2 to the system, by carbonate dissolution, produces gaseous CO2 and
promotes the exsolution of water, by indirectly decreasing the water fugacity
in the gas phase. At low CaCO3, the gaseous CO2 is lower or comparable
with the water vapour extracted during the homogenization; at increasing
CaCO3, most of the gas is CO2, and the water contribution becomes negli-
gible. On the other hand, in heterogeneous systems (dashed line in Figure
6b), the role of the water content of the host magma in determining the gas
budget is always negligible. This is due to the Ca-rich composition of the
contaminated melt that buffers the gas exsolution.

The ratio between the gas mass in the homogeneous system and the gas
mass in the heterogeneous system can either increase or decrease, at increas-
ing CaCO3, depending on the water content of the host magma (Figure 6c).
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In saturated conditions this ratio rapidly drops (Figure 6c, red line): at
low CaCO3 the gaseous water extracted during the homogenization is more
significant or comparable with the gas budget produced by the carbonate dis-
solution, already present in the heterogeneous system. On the other hand,
moving towards undersaturated conditions (Figure 6c, blue line), this ra-
tio can assume an opposite behaviour, up to increase with the increase of
CaCO3. This opposite trend (decay in water-rich vs increase in water-poor)
depends on the mass balance, during the homogenization, between the CO2

gas that dissolves back into the host magma, and the CO2 dissolved in the
contaminated magma that exsolves and favours water exsolution. During
the homogenization, the gas phase has to yield CO2 to the melt and/or take
H2O from the melt itself. In saturated systems, H2O exsolution prevails on
CO2 dissolution, while it is the opposite in undersaturated systems.

A similar behaviour emerges also in the composition of the gas phase
(Figure 6d): increasing the CaCO3, the gas composition of the homogeneous
magma (solid lines) is enriched in CO2 because the CO2 gas budget produced
by the carbonate dissolution predominates over the gas water extracted dur-
ing homogenization. On the other hand, the heterogeneous system (dashed
lines) is always richer in CO2 because of the buffering effect of the Ca-rich
composition of the contaminated melt on gas exsolution.

In general, we can say that, at increasing CaCO3, the role of the homog-
enization and the water content becomes less important and the gas phase
is mainly the carbon dioxide produced by the carbonate dissolution.
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(a)); d) mass fraction of CO2 in the gas phase.
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5. Discussions

5.1. Carbonate dissolution

The phase diagram of CaCO3 (Peretyazhko et al., 2021; Hou et al., 2019)
shows that decarbonation temperature rapidly increases with pressure, hence
thermal decomposition (i.e., decarbonation) can take place into the conduit
only at a very shallow depth. Hence, the effect on eruptive style and ascent
dynamics is limited. Morever, a decarbonation timescale of a few minutes for
clasts of half a centimetre (Knüver et al., 2023) is then extremely large com-
pared with the typical timescales of magma ascent in the upper part of the
conduits during explosive eruptions (<1 minute, Colucci et al. (2017); Colucci
and Papale (2021)). Therefore, syn-eruptive dynamics are more probably af-
fected by the dissolution process of the carbonate (i.e., interface reaction +
diffusion). This finding moves the focus of our investigation from the ther-
mal heating of the clast to the interface reaction and the subsequent diffusion
through the melt shell.

Since the carbonate dissolution can be considered a diffusion-controlled
process, the mobility of CaO is of paramount importance. A constant diffu-
sion coefficient cannot explain the experimental observations, so it became
necessary to look for a concentration-dependent expression. The functional
form of the diffusion coefficient of CaO, that best fits the dissolution exper-
iments, exponentially decays with decreasing concentration, from 10−7m2/s
(∼35 wt% CaO) to 10−11m2/s (∼10 wt% CaO). Such a functional form of
the diffusion coefficient can explain the concentration profile of CaO and the
extremely fast dissolution rate of carbonate by silicate melts measured dur-
ing experiments (Deegan et al., 2010; Jolis et al., 2013; Blythe et al., 2015;
Hamann et al., 2018). On the other side, we find that a constant diffusion
coefficient (D ≈10−11m2/s ) provides an excellent prediction of the mixing
experiments of Deegan et al. (2010). Therefore, it seems that the behaviour
of the diffusion coefficient derived from carbonate dissolution experiments
differs from the one calculated from mixing experiments. An interesting re-
sult about the functional form of the diffusion coefficient of CaO was recently
reported in Persikov et al. (2022). These authors calculate from mixing ex-
periments the concentration dependence of all diffusing components at the
interaction between a basalt and a carbonate-containing kimberlite melt, us-
ing an exponential functional form of the diffusion coefficient very similar to
our own. Persikov et al. (2022) conclude that the dependence of the diffu-
sion coefficient of CaO (as well as the other oxides) on concentration is so
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weak that can be considered constant. Again, this is in contrast with mod-
elling and observations for the dissolution process but in good agreement
with experiments and model results for the mixing process.

It is worth noting that carbonate dissolution in the experiments probably
occurred before the target temperature of 1473 K was reached, during the
heating phase. The duration and the temperature evolution of this transient
phase are unknown. Anyway, during this time, the dissolution dynamics will
be slower than they are at 1473 K, due to the lower temperature. As a
consequence, the effect of the heating cannot explain the increasing mobility
observed in the experiments. A possible way to solve this contradiction is
to hypothesize that what we estimate during carbonate dissolution experi-
ments is a transient strain-enhanced diffusion (Dickinson et al., 1994; Lim
et al., 2000), where the strain is produced by the extensive nucleation and
growth of CO2-rich gas bubbles at the carbonate-melt interface. Interest-
ingly, this effect shall cease when the carbonate is completely dissolved and
hence would justify a constant diffusion coefficient for the mixing process.
However, further experimental and modelling investigations are required to
test this hypothesis.

5.2. Efficiency of gas release during magma-carbonate interaction

Our results show that mingling and mixing between the contaminated
melt and the host magma modulate the gas exsolution process in space and
time. The concomitant diffusion and exsolution of the volatile species at the
mixing front generate an expanding gas wave that explains the experimental
evidence of small bubbles observed at the contamination front. Also, the
CO2 gas bubbles that migrate outside of the contaminated region interact
with the uncontaminated melt, extracting H2O and yielding CO2. These
two processes, which we shall hereafter call homogenization-induced exso-
lution, modulate the availability of exsolved gas in the system and drive
the system towards homogenization. Thermodynamic modelling shows that
homogenization-induced exsolution is more important at small quantities of
interacting carbonate. Hence, the timescales of mingling and mixing dictate
the timescale of the exsolution process at low values of interacting carbonate.
On the other hand, for a larger mass fraction of interacting carbonate, the
contribution to the gas phase from the homogenization (as well as the water
content of the host magma) is negligible compared to the primary gas budget
resulting from the carbonate dissolution. In this case, the leading timescale
is that of the dissolution.
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Let us place these results in a volcanological context. The upper-end
limit of 20 wt% of interacting CaCO3, used for thermodynamic calculations,
is representative of a carbonate lithic cargo almost completely dissolving in
the host melt (Sottili et al., 2009). In this case, a very large amount of
gas will be released, even at undersaturated conditions (up to ∼30 vol% at
200 MPa). Since the contribution of gas from the homogenization-induced
exsolution is negligible, the timescale of gas release will depend essentially
on the dissolution rate of the carbonate clasts. The timescale of this process
is on the order of seconds to minutes for clasts <1 cm and becomes much
longer (hours) for larger sizes. As a consequence, the conditions leading to
an extensive dissolution of the carbonate lithics may be related to a finer
size distribution of carbonate lithics. In this case, the release of a large gas
amount in such a short time may trigger an eruptive event or drive mafic
magmas towards anomalously high-intensity explosive eruptions (La Spina
et al., 2022).

Most times, we expect only a percentage of the cargo to be dissolving. For
example, in the Colli Albani district (Italy), carbonate lithics show variable
degrees of interaction (Sottili et al., 2010) and their size distribution lacks
the finer classes (Sottili et al., 2009). Thus, the value of ∼5 wt%, used
in our thermodynamic calculations, can be considered representative of this
situation. At such conditions, the mixing and mingling processes play a
central role in determining the efficiency of volatile exsolution eventually
enhancing the explosivity of an eruptive event. Simulation results suggest
that the effect of the increasing viscosity of the host melt is to slow down
the homogenization, hence having a buffering effect on the homogenization-
induced volatile exsolution. On the other hand, at low viscosities most gas
can be exsolved right at the beginning of the magmatic interaction, possibly
contributing to an increase in the explosivity of mafic, crystal-free magmatic
systems. Even considering the higher viscosity case, the thermodynamic
modelling shows that the dissolution of carbonate can release, at 200 MPa,
∼10 vol. % of gas. Such an amount may still impact the eruption style
determining the transition from effusive to explosive (La Spina et al., 2022).

The short-term magma-carbonate interaction process slows down as dif-
fusion decreases and viscosity increases. Decreasing diffusion hinders dis-
solution and mixing dynamics; increasing viscosity hinders the dynamics of
mingling. Diffusion and viscosity are inversely correlated. As temperature
and amount of dissolved water decrease, diffusion slows down and viscos-
ity increases, allowing for the preservation of the fingerprints of short-term
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magma-carbonate interaction in the deposits. This result confirms literature
field data: Morris and Canil (2021) observe drops of contaminated, Ca-rich
melt in the mafic dikes of the Jurassic Bonanza arc, hypothesizing that it
can be the result of an incomplete homogenization process between magma
and carbonate; also, the primary, magmatic calcite in the groundmass of lava
flows in the Colli Albani volcanic district (Italy) (Gozzi et al., 2014) may have
crystallized from drops of contaminated melt, remnants of slow mingling and
mixing processes.

6. Conclusions

• The short-term interaction of magma with carbonate has important
effects on volatile exsolution. Lithic clasts dissolve in the magma gen-
erating contaminated Ca-, CO2-rich magma pockets with a primary
CO2-dominated gas phase. The mingling and mixing processes be-
tween these contaminated magma pockets and the host magma lead
the system to homogenization and modulate the amount of exsolved
gas.

• At larger amounts of interacting carbonate (i.e., the carbonate lithic
cargo almost completely dissolves in the host melt), the contribution of
gas from the homogenization is negligible compared to the primary gas
exsolution resulting from the carbonate dissolution. Hence, the leading
timescale is that of dissolution. In this case, a large amount of gas
can be produced (up to ∼ 30 vol% at 200 MPa, from the dissolution
of ∼ 20 vol% of carbonate) in a short time (seconds to minutes for
millimetric clasts), driving mafic magmas towards anomalously high-
intensity explosive eruptions.

• At low quantities of interacting carbonate (i.e., only a percentage of the
lithic cargo dissolves), the homogenization process contributes more to
the gas budget of the system, hence, the timescales of mingling and
mixing dictate the timescale of the exsolution. Likely the system never
reaches homogenization in syn-eruptive regimes, due to the relatively
slower homogenization process. Even in this case, the dissolution of
carbonate can release, at 200 MPa, ∼ 10 vol% of gas. Such an amount
may still impact the eruption style determining the transition from
effusive to explosive.
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• Slower mixing and mingling due to larger host magma viscosities imply
that the fingerprints of the short-term magma-carbonate interaction
can be preserved in the volcanic deposits, in the form of filaments or
drops of contaminated melt.

• Further work is required to understand the kinetics of dissolution of
carbonate. We think that the anomalous high mobility of CaO, ob-
tained from carbonate dissolution experiments, in contrast with the
one measured during the diffusion couple experiments, merits atten-
tion.
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Appendix A.

Appendix A.1.

Assuming conservation of mass of CaO within a constant-volume melt
shell (see Table 3.4 for notations and units)

mCaCO3
CaO (t) = mCaCO3

CaO (0) + ρmelt

[∫
Vmelt

ymelt
CaO(x̃, 0)dx̃−

∫
Vmelt

ymelt
CaO(x̃, t)dx̃

]
.

(A.1)
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The substitution x̃ = 4/3πx3, where x is the Lagrangian coordinate (eq. 3),
yields dx̃ = 4πx2dx. Therefore,

mCaCO3
CaO (t) = mCaCO3

CaO (0)+4πρmelt

[∫ S0

R0

ymelt
CaO(x, 0)x

2dx−
∫ S0

R0

ymelt
CaO(x, t)x

2dx

]
.

(A.2)
Derivating in time,

dmCaCO3
CaO

dt
= 4πρmelt

∫ S0

R0

[
dymelt

CaO

dt
x2

]
dx. (A.3)

Considering that

mCaCO3
CaO

εCaO

= mCaCO3 =
4

3
πRρCaCO3 , (A.4)

we obtain
dR3

dt
=

3

εCaO

ρmelt

ρCaCO3

∫ S0

R0

x2dy
melt
CaO

dt
dx. (A.5)

Appendix B.

Appendix B.1.

Equation (7) for an infinite diffusion couple can be solved analytically.
(Kulkarni, 2021). The infinite diffusion couple is defined by the following
initial and boundary conditions

y(x < 0, 0) = y−, (B.1)

y(x > 0, 0) = y+, (B.2)

y(−∞, t) = y−, (B.3)

y(+∞, t) = y+, (B.4)

where y− and y+ are, respectively, the vectors of the composition at the left
and the right terminal of the diffusion couple. The solution of equation (7)
reads

y = ȳ+
1

2
PFP−1∆y (B.5)

Here, ȳ is the vector of the mean terminal concentrations (ȳi = (y+i +y−i )/2),
∆y is the vector of the difference between terminal concentrations (∆yi =
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y+i − y−i ), P is the matrix whose columns are the eigenvectors of D and F is
a diagonal matrix

F =


erf

(
x

2
√
λ1t

)
. . . . . . 0

...
. . .

...
...

. . .
...

0 . . . . . . erf

(
x

2
√

λn−1t

)


where λi are the eigenvalues of D.

Appendix B.2.

The exsolution/dissolution term can be written as the product between
the interfacial mass flux J and the interfacial area concentration A

Γi = JiA, i = H2O, CO2. (B.6)

Considering a representative spherical bubble of radius R [m] , and a bub-
ble number density Nb (number of bubbles per unit volume of liquid), the
interfacial area concentration A [m2/m3] is given by

A = 4πR2Nb(1− α). (B.7)

The interfacial mass flux [kg/(m2s)] is given by

Ji = ρmeltαDi

[
dymelt

i

dr

]
R

, (B.8)

where the term in square brackets is the derivative at the bubble-melt inter-
face. For an isolated bubble, under quasi-static approximation, it is given by
(see Appendix B.5)[

dymelt
i

dr

]
R

=

(
ymelt
i − ỹmelt

i

(
ymelt
SiO2

, ..., ytotH2O
, ytotCO2

))
R

, (B.9)

where ỹmelt
i is given by the SOLWCAD model (Papale et al., 2006) as a function

of the melt composition and total volatile content.
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Appendix B.3.

The transfer of the i-th volatile species in the melt shell around a grow-
ing bubble is described by the advection-diffusion equation in a spherical
coordinate system centred at the centre of the bubble

∂ymelt
i

∂t
+ ur

∂ymelt
i

∂r
=

1

r2
∂

∂r

(
r2Di

∂ymelt
i

∂r

)
, (B.10)

where ymelt
i is the concentration of species i in the melt, Di is the species

diffusion coefficient, and ur is the radial velocity in the melt due to bubble
growth. When diffusion time is larger than advection time (Peclet number<<
1), the left-hand side of Eq. (B.10) vanishes, and concentration distribution
is quasi-static

1

r2
d

dr

(
Dr2

dymelt
i

dr

)
= 0. (B.11)

By applying the product rule and assuming constant D we obtain

D

r2

[
2r

dymelt
i

dr
+ r2

dymelt
i

dr2

]
= 0. (B.12)

Applying the substitution z = dymelt
i /dr we obtain a first-order ODE

dz

dr
= −2

r
z (B.13)

that can be solved by the separation of variables, obtaining

z =
dymelt

i

dr
=

C

r2
. (B.14)

The general solution is

ymelt
i (r) = A− B

r
. (B.15)

For an isolated bubble, under local thermodynamic equilibrium assumption
(i.e., at the bubble-melt interface gas and liquid are at thermodynamic equi-
librium), the boundary conditions at the bubble-melt interface (r=R) and
the shell wall (r=S) are given by

ymelt
i (r = R) = ỹmelt

i (B.16)

ymelt
i (r = S) = ys, (B.17)
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obtaining

A = ỹmelt
i +

B

R
(B.18)

B =
(
ys − ỹmelt

i

)
R. (B.19)

The value of the derivative at the interface with the bubble in equation (B.8)
can now be calculated [

dymelt
i

dr

]
R

=

(
ys − ỹmelt

i

)
R

, (B.20)

Appendix B.4.

The effective binary diffusion coefficient of H2O is given by Freda et al.
(2003)

DH2O = exp
[
−11.924− 1.003 · ln

(
100 · ymelt

H2O

)]
exp

[
−exp

(
11.836− 0.139 · ln(100 · ymelt

H2O
)
)

R̃T

]
(B.21)

where T is in kelvins, ymelt
H2O

is the weight fraction of dissolved water and R̃ is
the universal gas constant. Equation (B.21) may be applied to trachyte, as
well as basalt (Georgeais et al., 2021), at 1373 – 1673 K, p=1 GPa and yH2O

between 0.0025 and 0.02.
The effective binary diffusion coefficient of CO2 is given by Zhang et al.

(2007)

DCO2 = exp

[
−13.99− (17367 + 1.9448 · p)

T
+ 100 · ymelt

H2O

(855.2 + 0.2712 · p)
T

]
,

(B.22)
where p is in MPa and T is in kelvins. Equation (B.22) may be applied from
rhyolite to basalt, at 773 –1773 K, p ≤ 1 GPa and ymelt

H2O
≤ 0.05 wt%.

Appendix C.

Appendix C.1.

The multiphase fluid dynamic OpenFOAM solver icoReactingMultiphaseInterFoam
is used in this work to study the mingling driven by a rising gas bubble.
In order to assess its capability in reproducing bubble-induced mingling we
consider the experiments of Kemiha et al. (2007) (Fig. C.7). In this work,
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experiments and numerical simulations are used to study the evolution of
a liquid-liquid interface following the passage of a rising bubble, matching
quite well the subject of the present investigation. In the experimental setup,
a gas bubble (d = 5.1mm) is released from a submerged orifice at the bot-
tom of a glass tank (12 cm width, 50 cm high) filled with two Newtonian
liquids of different densities, viscosities, and surface tensions (Table 3). In
particular, a lighter and less viscous liquid (silicon oil) is placed on top of
a heavier and more viscous one (a dilute solution of the lubricant Emkarox
HV45 and demineralized water). In addition, an interfacial tension is also
present between the two liquids, the effect of which has not been considered
in the simulations with silicate melts.

viscosity density surface tension
fluid (Pa s) (kg/m3) x10−3 (N/m)
silicon oil 0.1 965 20.2
Emkarox 65% (wt) 0.625 1052 38.7

Table C.3: Liquid properties for the experiment of Kemiha et al. (2007) used here for
validation of the OpenFOAM multiphase solver selected for this study. The interfacial
tension between the two liquids is 14.2x10−3 (N/m).

Before impacting the liquid-liquid interface the rising bubble has covered
enough distance to reach its terminal velocity (in the lower liquid). As a
result, the size of the computational domain was chosen accordingly. In
order to reduce the computational effort, also here we used an axisymmetric
setup with a Free-slip boundary condition for the lateral boundary and no
slip for the top and bottom boundaries. Overall, the numerical solution and
the experiment are in very good agreement, given the uncertainties in the
experimental conditions (Fig. C.7). Both the position of the bubble and the
geometry of the liquid-liquid interface for similar times are well reproduced by
the numerical solver, even if the time ”zero” in the simulation was roughly
chosen by looking at the position of the bubble in the first experimental
image. Therefore, although some differences can be clearly noticed, especially
at later times, the qualitative comparison is more than satisfactory.
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González-Garćıa, D., Behrens, H., Petrelli, M., Vetere, F., Morgavi, D.,
Zhang, C., Perugini, D., 2017. Water-enhanced interdiffusion of major
elements between natural shoshonite and high-k rhyolite melts. Chemical
Geology 466, 86–101. doi:https://doi.org/10.1016/j.chemgeo.2017.05.023.

38



Gozzi, F., Gaeta, M., Freda, C., Mollo, S., Di Rocco, T., Marra,
F., Dallai, L., Pack, A., 2014. Primary magmatic calcite re-
veals origin from crustal carbonate. Lithos 190-191, 191–203.
doi:https://doi.org/10.1016/j.lithos.2013.12.008.

Guo, C., Zhang, Y., 2020. Multicomponent diffusion in a basaltic
melt: Temperature dependence. Chemical Geology 549, 119700.
doi:https://doi.org/10.1016/j.chemgeo.2020.119700.
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Knüver, W., Sulpizio, R., Mele, D., Costa, A., 2022. Magma–rock interac-
tions: a review of their influence on magma rising processes with emphasis

39



on short-timescale assimilation of carbonate rocks. Geological Society,
London, Special Publications 520. doi:10.1144/SP520-2021-177.

Kulkarni, K.N., 2021. Analytical solution for interdiffusion in multicompo-
nent systems and its application in high entropy alloys. AIP Advances
11-1, 015116. doi:10.1063/5.0032837.

La Spina, G., Arzilli, F., Burton, M., Polacci, M., Clarke, A., 2022. Role of
volatiles in highly explosive basaltic eruptions. Commun. Earth Environ.
3, 156. doi:https://doi.org/10.1038/s43247-022-00479-6.

Lim, Y.S., Lee, J.Y., Kim, H.S., Moon, D.W., 2000. Strain-induced diffusion
in a strained Si1xGex/Si heterostructure. Applied Physics Letters 77,
4157–4159. doi:10.1063/1.1327280.

Lustrino, M., Luciani, N., Stagno, V., Narzisi, S., Masotta, M., Scarlato, P.,
2022. Experimental evidence on the origin of Ca-rich carbonated melts
formed by interaction between sedimentary limestones and mantle-derived
ultrabasic magmas. Geology 50, 476–480. doi:10.1130/G49621.1.

Mollo, S., Gaeta, M., Freda, C., Di Rocco, T., Misiti, V., Scar-
lato, P., 2010. Carbonate assimilation in magmas: A reap-
praisal based on experimental petrology. Lithos 114, 503–514.
doi:https://doi.org/10.1016/j.lithos.2009.10.013.

Morris, R., Canil, D., 2021. Co2 transport at shallow depths in arc
magmas: evidence from unique orbicular dikes in the jurassic bo-
nanza arc, vancouver island, canada. Contrib. Mineral. Petrol. 177.
doi:https://doi.org/10.1007/s00410-021-01852-y.

Nowak, M., Schreen, D., Spickenbom, K., 2004. Argon and co2 on the race
track in silicate melts: A tool for the development of a co2 speciation
and diffusion model. Geochimica et Cosmochimica Acta 68, 5127–5138.
doi:https://doi.org/10.1016/j.gca.2004.06.002. structure and Properties of
Siliate Melts and Fluids.

Onsager, L., 1945. Theories and Problems of Liquid Diffusion. New
York Academy of Sciences Annals 46-5, 241. doi:10.1111/j.1749-
6632.1945.tb36170.x.

40



Papale, P., Moretti, R., D., B., 2006. The compositional dependence of the
saturation surface ofH2O + CO2 fluids in silicate melts. Chemical Geology
229, 78–95.

Papale, P., Moretti, R., Paonita, A., 2022. Thermodynamics of Multi-
component Gas–Melt Equilibrium in Magmas: Theory, Models, and
Applications. Reviews in Mineralogy and Geochemistry 87, 431–556.
doi:10.2138/rmg.2022.87.10.

Peretyazhko, I.S., Savina, E.A., Khromova, E.A., 2021. Low-pressure
(>4 mpa) and high-temperature (>1250 ◦C) incongruent melting of
marly limestone: formation of carbonate melt and melilite–nepheline
paralava in the khamaryn–khural–khiid combustion metamorphic com-
plex, east mongolia. Contributions to Mineralogy and Petrology 176.
doi:https://doi.org/10.1007/s00410-021-01794-5.

Persikov, E., Bukhtiyarov, P., Nekrasov, A., 2022. Experimental study of
the multicomponent chemical diffusion of major components (sio2, al2o3,
na2o, cao, mgo, and feo) and the co23 anion at interaction between basalt
and kimberlite melts under a moderate pressure. Petrology 30, 325–335.

Sottili, G., Taddeucci, J., Palladino, D., 2010. Constraints on magma–wall
rock thermal interaction during explosive eruptions from textural analysis
of cored bombs. Journal of Volcanology and Geothermal Research 192,
27–34. doi:https://doi.org/10.1016/j.jvolgeores.2010.02.003.

Sottili, G., Taddeucci, J., Palladino, D., Gaeta, M., Scarlato, P., Ventura, G.,
2009. Sub-surface dynamics and eruptive styles of maars in the colli albani
volcanic district, central italy. Journal of Volcanology and Geothermal Re-
search 180, 189–202. doi:https://doi.org/10.1016/j.jvolgeores.2008.07.022.
models and products of mafic explosive activity.

Troll, V.R., Hilton, D.R., Jolis, E.M., Chadwick, J.P., Blythe, L.S.,
Deegan, F.M., Schwarzkopf, L.M., Zimmer, M., 2012. Crustal
co2 liberation during the 2006 eruption and earthquake events
at merapi volcano, indonesia. Geophysical Research Letters 39.
doi:https://doi.org/10.1029/2012GL051307.

Watson, E.B., Sneeringer, M.A., Ross, A., 1982. Diffusion of dissolved car-
bonate in magmas: Experimental results and applications. Earth and

41



Planetary Science Letters 61, 346–358. doi:https://doi.org/10.1016/0012-
821X(82)90065-6.

Whitley, S., Halama, R., Gertisser, R., Preece, K., Deegan, F., Troll, V.R.,
2020. Magmatic and metasomatic effects of magma-carbonate interaction
recorded in calc-silicate xenoliths from merapi volcano (indonesia). Journal
of Petrology 61. doi:10.1093/petrology/egaa048.

Wiesmaier, S., Morgavi, D., Renggli, C.J., Perugini, D., De Campos,
C.P., Hess, K.U., Ertel-Ingrisch, W., Lavallée, Y., Dingwell, D.B., 2015.
Magma mixing enhanced by bubble segregation. Solid Earth 6, 1007–1023.
doi:10.5194/se-6-1007-2015.

Zhang, Y., Ni, H., 2010. Diffusion of H, C, and O Components in Sil-
icate Melts. Reviews in Mineralogy and Geochemistry 72, 171–225.
doi:10.2138/rmg.2010.72.5.

Zhang, Y., Xu, Z., Zhu, M., Wang, H., 2007. Silicate melt
properties and volcanic eruptions. Reviews of Geophysics 45.
doi:https://doi.org/10.1029/2006RG000216.

42


