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ARTICLE INFO ABSTRACT
Editor: C.M. Petrone Short-term interaction of magma with crustal carbonates can affect a volcano’s eruptive style and drive even
low-viscosity magmas toward large explosive eruptions. Only a few studies have focused on short-term magma-
Keywords: . . carbonate interaction under controlled laboratory conditions and the physical processes behind the experimental
m?gma_carbonate Interaction observations are still poorly understood. In this work, we present the first numerical modelling study of
E;ig;ilg short-term magma-carbonate interaction and provide an interpretative framework for experimental and field
carbonate dissolution observations. We developed thermodynamic and dynamic models for carbonate dissolution and mixing and
diffusion mingling between contaminated magma pockets and host magma. We find that mixing and mingling can play

a central role in modulating the efficiency of volatile exsolution. The increasing viscosity of the host melt
slows down melt mingling and hence the mixing process, limiting volatile exsolution. Less efficient mixing and
mingling could allow the fingerprints of short-term magma-carbonate interaction to be preserved in volcanic and
intrusive rocks. Finally, we highlight that the mechanism and timescale of magma-carbonate interaction open a

key question about the anomalous high mobility of CaO during carbonate dissolution.

1. Introduction

Interaction between magma and crustal carbonates can alter mag-
ma’s physical properties (e.g., density, viscosity) and increase its
volatile budget, with potentially relevant impacts on volcanic unrest
and eruptive dynamics. Volcanoes sitting on carbonate basements that
show 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 (Iacono-Marziano et
al., 2009; Jolis et al., 2013), Merapi, Indonesia (Troll et al., 2012; Whit-
ley et al., 2020; Deegan et al., 2023), Popocatepetl, Mexico (Goff et
al.,, 2001). During magma transport and emplacement in the crust,
carbonate xenoliths can be entrained and assimilated (Deegan et al.,
2010; Sottili et al., 2010; Jolis et al., 2013; Carter and Dasgupta, 2016;
Knuever et al.,, 2022; Deegan et al., 2022). Around magmatic intru-
sions emplaced into carbonate-bearing rocks, contact metamorphism
can lead to metasomatism, skarn formation, and decarbonation of the
host rocks (e.g., Gaeta et al., 2009; Mollo et al., 2010; Di Rocco et al.,
2012; Lustrino et al., 2022). These interactions may occur on different
timescales, ranging from thousands of years to seconds.

Short-term magma-carbonate interaction has been proposed as a
plausible mechanism to trigger eruptions and enhance the explosivity
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of low-silica magmas (Deegan et al., 2010; Freda et al., 2011; Troll et
al., 2012; Jolis et al., 2013; Blythe et al., 2015; Knuever et al., 2022).
For instance, at Merapi volcano, during the 2006 eruption, there is geo-
chemical evidence of fluctuating peaks of carbon dioxide, released by
a carbonate source, that coincides with increasing eruptive intensity
(Troll et al., 2012). Furthermore, 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 im-
pact on the eruption explosivity (Sottili et al., 2010; Freda et al., 2011).

Experimental studies show that dissolution of carbonate clasts in
magma generates Ca-enriched contaminated melts separated from the
host melt by a mixing front (Deegan et al., 2010; Jolis et al., 2013;
Blythe et al., 2015; Hamann et al., 2018). The properties of the con-
taminated melt are strongly different from the original melt, due to
calcium enrichment: the depolymerisation effect of CaO has been found
to decrease melt viscosity below 1 Pa s (Deegan et al., 2010); more-
over, the high affinity of calcium with carbon dioxide substantially
increases the capability of the contaminated melt to dissolve CO, (Pa-
pale et al., 2022). Also, the non-solubilized CO,, produced by carbonate
dissolution, generates gas bubbles that nucleate at the interface with the
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Fig. 1. Conceptual drawing of 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 CO, and CO,-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 CO,-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.

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 be-
tween 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
kinetics of carbonate dissolution in silicate melts as well as on melt min-
gling and mixing dynamics. However, the derived dissolution timescales
are limited to a narrow range of experimental conditions, and a quan-
titative estimation of the released gas amount is still missing. Also, the
role of mixing and mingling in controlling gas exsolution is not quanti-
fied and the related timescales are not constrained.

The aim of this work is to model numerically carbonate clast dis-
solution, mechanical mingling and chemical mixing and infer their
timescales. We also performed thermodynamic calculations to constrain
the exsolved amount of volatiles, both at the outset of the interaction
and after the homogenisation process is complete.

2. Review of current conceptual model

Fragments of carbonate rocks can be picked up by magma during
emplacement and transport to the surface (Fig. 1a). A critical aspect
regards the pressure dependence of the decomposition temperature of
CaCOj;. Thermal decomposition of CaCOj in solid CaO and gaseous CO,
occurs above ~ 1120 K at atmospheric pressure conditions (Knuever et
al., 2022, 2023). When pressure exceeds a few MPa, thermal decompo-
sition occurs at much higher temperatures (Baker, 1962; Peretyazhko
et al., 2021). In particular, at pressure (p) and temperature (7') con-
ditions representative of a magmatic plumbing system (p < 1 GPa,
1000 K < T < 1400 K) carbonate exists as an amorphous solid phase
(Baker, 1962; Hou et al., 2019; Peretyazhko et al., 2021). As a conse-
quence, thermal decomposition is limited to a very shallow depth while
metamorphic decarbonation and dissolution process (i.e., interface re-
action + diffusion), leading to carbonate assimilation, are important
from the deeper parts of the plumbing system to the conduit. Although
magma-carbonate interaction experiments are performed only at 500
MPa (e.g., Deegan et al., 2010; Jolis et al., 2013), 150 MPa experiments
on magma-carbonaceous shale interaction (Deegan et al., 2022) confirm
that dissolution predominates over thermal decomposition. During car-
bonate xenolith assimilation, the melt shell around the clast becomes
contaminated in both CaO and CO, via diffusion (Fig. 1b) and CO,

gas bubbles nucleate and grow at the melt-clast interface (Fig. 1b). Ini-
tially, the bubbles are embedded in the contaminated region. Then,
when they are large enough for the buoyancy force to overcome vis-
cous forces, they rise, stretching the contaminated melt and generating
thin filaments (Fig. 1¢), 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 CO,-rich gas bubbles, when migrated
outside of the contaminated region, will interact with the uncontami-
nated host melt exchanging volatiles (Fig. 1d). Additional gas bubbles
are also observed in the previously published magma-carbonate in-
teraction experiments at the interface between the contaminated and
uncontaminated melts (Fig. 1b-d). These bubbles are interpreted as due
to bubble migration from the contaminated Ca-rich melt, or to hetero-
geneous bubble nucleation on microlite surfaces (Deegan et al., 2010;
Jolis et al., 2013; Blythe et al., 2015). When mixing between the con-
taminated and the host melt is complete, new gas and melt phases are
present (Fig. le).

The timescales of clast dissolution, mingling and mixing are repre-
sented by the arrows at the bottom of Fig. 1. Even if the timescales
are not well constrained, experiments (Deegan et al., 2010; Jolis et al.,
2013; Blythe et al., 2015) suggest the following relation

Tdis < Tmin < Tmix- @

The timescale of carbonate dissolution (z,;,) observed in the experi-
ments is in the order of seconds to minutes, for clasts with a millimetric
length scale, and it increases with increasing viscosity of the uncon-
taminated melt (Deegan et al., 2010; Jolis et al., 2013; Blythe et al.,
2015). The timescale of the mingling process (z,,;,) depends on the vis-
cosity of the host magma and the bubble size. The mixing timescale
(7,nix) 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 min-
gling controls the timescales of mixing by thinning the contaminated
melt pocket (Wiesmaier et al., 2015). In summary, all these three time
scales are intimately related to melt diffusion and viscosity. Decreasing
diffusion hinders dissolution and mixing dynamics; increasing viscosity
hinders the dynamics of mingling. Diffusion and viscosity are inversely
related by Eyring equation (e.g., Gonzalez-Garcia et al., 2017): diffusion
slows down and viscosity increases as temperature and dissolved water
content decrease. The dependence of the diffusion coefficient on tem-
perature is well characterized by an exponential Arrhenius relation; the
dependence on pressure is more complicated to be parameterized but
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is weaker (Zhang and Gan, 2022). There is no a theoretical formulation
for the dependence on melt composition and only empirical relations
are available but not accurate enough for practical applications (Zhang
and Gan, 2022).

3. Methods

Short-term magma-carbonate interaction process involves different
subprocesses (dissolution, mingling and mixing) that may interact with
one another. In this work, we adopt a timescale separation principle:
processes travelling at different timescales can be studied separately,
through dedicated models. In some cases, this assumption can fail (e.g.,
Tais = Tpin)> NOwever, this is a valid starting point to tackle a complex
problem like ours. In the following sections, we illustrate each dedicated
model with equations and physical background.

3.1. Carbonate dissolution

The dissolution process of solids in liquids involves two subpro-
cesses: the interface reaction that generates contaminated liquid and
the subsequent diffusion of the contaminated liquid toward the uncon-
taminated one. The diffusion 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 flat-
tens, the dissolution is controlled by diffusion. Furthermore, recent
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 conser-
vation

St =R’ =S; - Ry, @

where R(?) is the clast radius at time 7, and S, and R, are the initial
shell radius and clast radius, respectively. The equations are expressed
in spherical, Lagrangian coordinates. The Lagrangian coordinate x is
related to the Eulerian radial coordinate r by conservation of volume

x3=r3—(R3—R8). 3

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

1 3 3 3
Wewo _ 1 o [(FoRHR)T @
ot x2 0x x2 ’
J=—=Dc,0—==, 5
CaO Ox ( )
where y™¢!’ is the mass fraction of CaO in the shell of melt, D is the

CaO
CaO diffusion coefficient and J is the diffusive mass flux. From the mass

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

N T
— melt /X2 CaO dx, (6)
dt  €cq0 Pcacos, dt
Ry

where p,,,;; is the host melt density and £, is the ratio of the mass of
CaO to CaCO;3 (ec,o = 0.56).
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3.2. Chemical mixing

Chemical mixing between the contaminated and the uncontami-
nated melt is described by a multicomponent diffusion model for the an-
hydrous melt oxides combined with effective binary diffusion-reaction
models for the volatile components (H,0 and CO,). CO, is dissolved in
the melt in the form of two main different species: mobile molecular
CcO, (C0‘2“°') and less mobile CO%’ groups linked to the silicate net-
work. From rhyolite to basalt melts, the diffusivity of CO‘Z“"1 increases,
but the ratio CIO‘;101 /CO%‘ decreases, leading to a total CO, diffusiv-
ity roughly independent on the anhydrous melt composition (Watson
et al., 1982; Nowak et al., 2004; Baker et al., 2005; Spickenbom et al.,
2010; Zhang and Ni, 2010). An interesting result for our study is re-
ported in Baker et al. (2005), where the diffusion of CO, is evaluated
at the interface of dissolving calcite. Despite a large increase in the Ca
content of the melt (and therefore in depolymerisation degree) near the
interface, the CO, profile is consistent with a single diffusion value,
confirming the independence of CO, diffusivity on composition. Fur-
thermore, as far as we know, there is no evidence that the diffusion
of the other melt oxides depends on CO, concentration. Therefore, we
choose to treat the diffusion of CO, as an effective binary diffusion.
On the other side, although H,O diffusion should be treated as multi-
component (Gonzélez-Garcia et al., 2017), more experimental work is
needed to quantify its behaviour, which is therefore treated as effec-
tively binary (Zhang and Ni, 2010).

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

dy %y
Z=p—2,
ot 0x?2
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 compo-
nent 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

)

OV prers (1 = @) 2
2 _ 9 It
— Dy,o Eye) [Yﬁezopmen(l —a)] - FHZO (€))
OV Perr(1 = @)] 2
2 _ melt
B va—— Dco, ) Weo, Pmeir(1 =] =Tco, 9

where D is the effective binary diffusion coefficient, p,,,;, is the melt
. . . I 1 s
density, a is the gas volume fraction, and I'(y, y’l';‘; . y’geO; , yi"z‘o, o)
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

OVig,0Pgas®)
2
. -T 10
™ H,0 (10)
005 Paas®)
c0,Pgas
T 11
as as
co, = 1= yifzo 12

where pgm(yf;zso) is the gas density, given by a perfect gas equation

melt melt  melt melt
T VS Vi 0 Y0y
gas

Y00 agas) for (n + 3) equations (7) - (11). Equations (7)-(12) are
solved by adopting a semi-numerical approach. Assuming that the in-
terdiffusion coefficients of matrix D are independent of composition,
Equation (7) for an infinite diffusion couple can be solved analytically
(see Appendix B.1); Equations (8)-(12) are solved numerically using
Matlab® (function pdepe).

of state. Now we have (n + 3) variables ()



S. Colucci, F. Brogi, G. Sottili et al.

Table 1
Notations and units.

Symbol Description Units
R clast radius m
S radius of the shell of melt m

melt (mass species in melt) .
Yi (mass melt)

magma (mass species in magma) .
Yi (mass magma)

fot (mass species in magma + mass species in dissolved CaCO;)
Yi (mass magma + mass dissolved CaCO5)

ot (mass gas) 3
Vg (mass magma + mass dissolved CaCO5)

fot (mass dissolved CaCO3) R
Ve (mass magma + mass dissolved CaCO5)

(mass contaminated magma)
b — -
(mass contaminated magma + mass incontaminated magma)
— (mass CaO) ~
€ca0 =0-56 (mass CaCO,)
ass CO,)
— 044 (mass CO, .

€co, =0, (mass CaCO5)
t time s
x spatial coordinate across the contamination front m
D matrix of interdiffusion coefficients m?s~!
J interfacial (diffusive) mass flux kgm2 57!
y vector of mass fractions of anhydrous melt oxides -
D binary diffusion coefficient m? s~
a gas volume fraction -
r exsolution/dissolution rate kgm™3 s7!
" viscosity Pas
P density kg m™3
cont contaminated
uncont uncontaminated
e heterogeneous

3.3. Mingling dynamics

The mingling dynamics between a contaminated, low-viscosity, gas-
rich melt pocket and an 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 incompressible non-isothermal phases and phase
change. However, in these simulations, we do not consider any ex-
change 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 en-
hanced by a rising bubble.

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 dis-
solution of carbonate. For a given pressure and temperature, SOLWCAD
requires, as input, the melt composition and the volatile content (H,O
+ CO,). The total mass fractions of the melt oxides (see Table 1 for
notations and units), after the dissolution of a given mass fraction of
carbonate (y/*') in the host magma, are given by

yf.‘” = (1 - y’c‘”) y:"”gm“, i=S8i0,,TiO,,...; i #CaO (13)
Va0 =(1=9") ¥eao +¥"ecao 14
where y"*™? is the mass fraction of the melt oxide in the original host

magma and €, is the ratio of the mass of CaO to CaCO; (e¢,0 = 0.56).
The total mass fractions of H,O and CO, are given by

magma

tot — tot
Y0 = (17 )yHZO (15)
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tor  __ tot magma tot
ygoz - (1 _yCO >yC02 +y50 €co, 16)

where ¢, is the ratio of mass of CO, to CaCO3 (e¢q, =0.44).

In this work we refer to a heterogeneous system to indicate a two-
magma system, i.e., the uncontaminated host magma and the contami-
nated magma pockets (Fig. 1b-c); we refer to a homogeneous system as
a single-magma system (Fig. 1e), produced by complete mixing of the
uncontaminated host melt with the contaminated melt and the achieve-
ment of a new state of thermodynamic equilibrium between the melt
and gas phase. In the homogeneous system (i.e., t > 7,,;,), these expres-
sions (equations (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, composition of the original host magma
(y:”agma, y';‘;;gom “ yg‘(’)im”) and mass fraction of dissolved carbonate(y'*").
In the heterogeneous system, thermodynamic equilibrium imposes, as
an additional constraint, no mass exchange between the region contam-
inated by the carbonate and the original, uncontaminated host magma.
This constraint holds as long as the interface is sharp (i.e., t < 7,,;,)
and the gas bubbles are inside the contaminated region (i.e., t < 7,,,,
Fig. 1b). The gas-melt equilibrium in these two subsystems can be calcu-
lated by SOLWCAD once we know the melt composition and the volatile
content of each region. For the uncontaminated region, the calcula-
tion is straightforward, since we already know the composition of the
original host magma (y;"**", yﬁzg" “ y'g‘g;m“). For the contaminated re-
gion, we can use equation (13) or (14) to derive the mass fraction of
dissolved carbonate in the contaminated region ([yi”’]mn ,) if we know
from the experiments the average composition of the contaminated melt
([yﬁ"’]wn . or [yg 0l cons); OTICE We have [yi"’ eonp» WE CaN use equations
(15) and (16) to calculate the total mass fractions of volatiles in the

contaminated region. Finally, the mass fraction of gas in the overall
heterogeneous system ([y;‘” ] . ) can be calculated by:
13

P s I ) B RS an

Here, [y“”] and [y"” ] are, respectively, the mass fraction of
cont g uncont

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

ytaf
— [tc’ ]ht , (18)
Ol
[yC( ]cont
where [yi”’] 4 IS @ given mass fraction of dissolved carbonate in the

overall heterogeneous system.
4. Results

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

4.1. Carbonate dissolution

Since diffusion is considered the rate-limiting step in the carbonate
dissolution process, the selection of an appropriate value for diffusion
coefficient (D in equation (5)), 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 experimental data available for calibra-
tion are i) the concentration profile measured along a traverse, from
the clast-melt interface to the melt, at the beginning of the experiment
(“time zero” in Deegan et al. (2010)) and ii) the time it takes for the
solid to completely dissolve in the melt. It is worth noting that exper-
imental timing starts as soon as the target temperature (i.e., 1473 K)
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Fig. 2. Comparison between modelled (lines) and experimental (circles, Deegan et al. (2010)) concentration profiles of CaO in the melt resulting from the dissolution
of CaCO; after 114 s. Solid lines: temperature changes in time, from 1273 K to 1473 K, following the experimental heating rates; dashed lines: temperature
assumed constant (1473 K). 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
concentration-independent diffusion coefficient (eq. (19); D, = 0.0000535 m? s~'; E = 184096 Jmol~'; Hofmann and Magaritz (1977)); b) Model results using a

concentration-dependent diffusion coefficient (eq. (20); K = 26; y,, = 0.1).

is reached. However, carbonate dissolution has already started when
the target temperature is reached, during the isobaric (0.5 GPa) heating
phase. During this time, which lasts 6 minutes, the dissolution dynam-
ics will be absent (below the melting temperature, ~ 1273 K) or slower
than they are at 1473 K. Based on experimental heating rates (from
room temperature to 1453 K: 200 degrees/min; from 1453 K to 1473 K:
20 degrees/min), we can estimate a duration of the dissolution process
of 114 s, that is from the melting temperature until “time zero”. During
this time, the diffusion coefficient varies with temperature T following
an Arrhenian relation:

E
D=D_e &7, (19)

where D, is the hypothetical diffusivity at T — oo, E is the activation
energy and R is the universal gas constant. Considering the expression
in equation (19) for the diffusion coefficient, the modelled concentra-
tion profile is inconsistent with the experiments (Fig. 2a, solid line) and
the time required for a complete clast dissolution is five orders of magni-
tude higher than the experimental one. The isothermal model solution
(i.e., fixing temperature at 1473 K in equation (19)) almost overlaps
with the temperature-dependent one (Fig. 2a, dashed line). Hypothesiz-
ing a concentration-dependent diffusion coefficient of this form

D= DOeK(yC“U_yC“UO), (20)

where D, is given by equation (19), K is a tuning parameter and Ycao,
is the CaO concentration in the uncontaminated melt, we can perfectly
reproduce the experimental concentration profile (Fig. 2b) and explain
the so-called CaO pile-up (Deegan et al., 2010; Jolis et al., 2013). Again,
the concentration-dependent isothermal model almost overlaps with
the concentration- and temperature-dependent model: this indicates
that the role of temperature is negligible compared to concentration.
Furthermore, using Equation (20), a spherical clast with a 1.5 mm
radius completely dissolves in a timescale consistent with the experi-
ments.

After calibration, we can use the model to estimate the timescale of
dissolution as a function of the clast radius, finding that 7, « R? (ie.,
R=1mm: 7, ~10%>s; R=1 cm: 7; ~ hours; R = 10 cm: 7, ~ days).
Anyway, it is worth noting that these timescales are derived from an
experimental calibration at a given pressure and temperature. Even if
the dependence of the diffusion on concentration seems to play a major
role, compared to pressure and temperature, we believe that further

experimental investigations are necessary. Furthermore, according to
literature experiments, the role of composition of the host magma seems
to play an important part in the rate of dissolution.

4.2. Chemical mixing

The experiments performed by Deegan et al. (2010) show the tem-
poral evolution of the composition measured along traverses crossing
the mixing front between the contaminated melt, generated by the car-
bonate 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 diffusion coefficients are poorly depen-
dent on pressure (Deegan et al., 2010; Guo and Zhang, 2020). The
coefficients of the diffusion matrix (D in equation (7)) are defined ac-
cording to Guo and Zhang (2020). The authors obtained a temperature-
dependent diffusion matrix D for an 8-components (SiO,, TiO,, Al,0,
FeO, MgO, Ca0, Na,0, K,O0) basaltic melt by simultaneously fitting dif-
fusion profiles of couple experiments at different temperatures (1533,
1773 K) and pressures (0.5-1 Gpa), by considering SiO, as the solvent
component. In our modelling, the effective binary diffusion coefficients
of volatile species (D H,0 and D, in equations (8)-(9)) are defined ac-
cording to Zhang et al. (2007) and Freda et al. (2003) (Appendix B.4).
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 D H,0 (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 pa-
rameter to fit the model to the experimental data.

Given the uncertainties associated with experimental initial condi-
tions and the range of validity of the diffusion coefficients, we can say
that, overall, there is qualitative agreement between experimental and
modelled concentration profiles. Experimental profiles for MgO, Na,O
and K,O are smoother with respect to the model predictions, that show
more pronounced uphill diffusion (Fig. 3e-g-h). We cannot exclude that
this is a consequence of the experimental procedure used to measure
the chemical profiles being 2D representations. On the other side, the
behaviour of CaO, which is the most representative oxide, ranging from
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~ 10 to ~ 30 wt%, is well reproduced by the model, as well as SiO,
and Al, O3, 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 H,O and CO, as a consequence of the diffusion of the melt oxides
(Fig. 3i-j-k-1). This process generates a gas wave that expands from the
mixing front (Fig. 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 mix-
ing front. While the bubbles formed during the carbonate dissolution
process are CO,-rich, as will be further discussed later, the gas gener-

ated at the mixing front is H,O-rich and progressively enriched in CO,
(Fig. 31). This is due to the diffusion of CO, from the contaminated melt
(right side in Fig. 3j) to the uncontaminated melt (left side in Fig. 3j)
that decreases the solubility of water determining a larger interfacial
diffusive flux (Equation (B.9)) of H,O than CO, toward the bubble.
The time, 7,,;, at which molecular diffusion becomes important
(mixing timescale) can be estimated as the ratio between the thick-
ness of the contaminated melt pocket L and the diffusion coefficient
D: 7., ~ L?>/D. We can use a representative diffusion coefficient in-
termediate between the interdiffusion coefficients of CaO and SiO,
(D =10"12 m? s7!, Table 4 in Guo and Zhang (2020)). CaO and SiO,
are the most representative oxides, because they are the most abundant
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Table 2

Mingling simulations.
Properties
[Pmete)cont 2800 kg m™3
LPmetrJuncont 2600 kg m™3
Pyas 500 kg m~3
[Hmett)eont 1Pas
[HmeteJuncom 1-100 Pa s
Hgas 4.107° Pas
(@] o 0.6
Initial conditions
shell radius 9.103m
bubble radius 7.6 -107° m

in both melts, they undergo most changes from the Ca-rich to the un-
contaminated melt and they are the most important in determining the
solubility of H,O and CO,, hence volatile exsolution. If any mingling oc-
curs, 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 (Fig. 1c). Therefore, the mixing time scale z,,;, 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.

4.3. Mingling dynamics

Magma-carbonate experiments (Deegan et al., 2010; Jolis et al.,
2013; Blythe et al., 2015) show that bubbles forming in the contami-
nated melt, at the interface with the carbonate clast, rapidly coalesce
and start to migrate, which triggers mingling between the two melts
(Fig. 1c-d). The timescale of bubble-enhanced mingling can be equal
to or larger than the timescale of carbonate dissolution (Equation (1)).
When the dissolution timescale is large, the newly formed bubbles mi-
grate 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 lim-
iting case, a single bubble. Our simulations explore the last scenario
that, albeit more idealized, is not dependent on the details of the initial
geometrical configuration (e.g. number and initial positions of the bub-
bles). Furthermore, in our modelling we do not consider the presence
of a dissolving solid carbonate clast since it would require further simu-
lation efforts. 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.

The simulation setup consists of a single bubble surrounded by a
shell of contaminated melt. The physical parameters and initial con-
ditions (Table 2) are consistent with a contaminated magma pocket
generated by the dissolution of 1 cm? carbonate clast at 200 MPa and
1273 K (corresponding, for example, to the depth of the carbonate sub-
strate at Vesuvius, Cella et al. (2007)). We performed two different
simulations by varying the viscosity of the uncontaminated host melt
from 1 Pas (consistent with the Vesuvius wet experiments of Blythe et
al. (2015)) to 100 Pas (Figs. 4, 5). The higher viscosity value can repre-
sent host melts containing 50-60 wt% of crystals (Caricchi et al., 2007)
or at a lower temperature (Giordano et al., 2008).

Simulation results (Figs. 4, 5) clearly show that the bubble rises
forming in its wake a filament of Ca-rich, heavier melt that gradually
tapers down. The filament is stretched on one side by the rising bub-
ble (and velocity gradients in its proximity), and on the other side by
the gravity force that pulls it down. As the stretching process contin-
ues, the filament is also broken into many small droplets - we believe
this is a numerical fragmentation due to the limited resolution of the
mesh used for the simulations. At first, the viscosity 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-
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viscosity case, and hundreds of seconds for the higher-viscosity case,
the filament is stretched to roughly the same length. At larger viscosi-
ties 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 chem-
ical diffusion on a shorter timescale, while the contaminated melt drop
will require much longer time to diffuse out. For example, for a rep-
resentative diffusion coefficient of D = 10712 m? s~! (Section 4.2), a
1 pm thick filament will dissolve in 1 s and a 100 pm thick filament
in almost 3 hours (z,,;, ~ L?/D). These timescales imply that, even on
syn-eruptive timescales, the homogenisation process can be incomplete
and contaminated melt pockets and filaments can be preserved in the
volcanic deposits.

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 < 7,,,7,,;, Fig. 1b). The homogeneous
system instead represents the final state, when mixing is complete (i.e.,
t > 7, 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 homogenisation.

The chemical interaction of magma with carbonate has important
effects on the melt-volatile equilibria. The dissolution of carbonate re-
leases CaO and CO,: the increase in CaO increases the solubility of CO,,
favouring its dissolution in the melt; the rise in CO, reduces the solu-
bility of H,O, favouring its exsolution. The interplay between CaO and
CO, determines a slightly non-linear increase in the mass fraction of gas
when increasing the proportion of interacting CaCO; (Fig. 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
amount of gas of homogeneous and heterogeneous systems (Fig. 6b).
In homogeneous systems (solid line in Fig. 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 Fig. 6a) rapidly decays by in-
creasing the amount of interacting CaCO5. That means that the initial
water content of the host magma becomes more important with decreas-
ing proportion of CaCOj;. This behaviour is due to water saturation that
limits water vapour exsolution. In fact, the addition of CO, to the sys-
tem, by carbonate dissolution, produces gaseous CO, and promotes the
exsolution of water, by indirectly decreasing the water fugacity in the
gas phase. At low CaCO3, the gaseous CO, is lower or comparable with
the water vapour extracted during the homogenisation; at increasing
CaCOj;, most of the gas is CO,, and the water contribution becomes
negligible. On the other hand, in heterogeneous systems (dashed line
in Fig. 6b), the role of the water content of the host magma in de-
termining the amount of gas is always negligible. This is due to the
Ca-rich composition of the contaminated melt that buffers the gas exso-
lution.

The gas generated by magma-carbonate interaction includes the
amount produced during the dissolution, in form of gas bubbles gen-
erated at the clast-melt interface, and the one produced later, during
the homogenisation by chemical mixing. The gas generated during the
dissolution characterizes the heterogeneous system; the gas of the ho-
mogeneous system represents the results of the new thermodynamic
equilibrium reached when mixing is complete. The ratio between the
gas mass in the homogeneous system and the gas mass in the hetero-
geneous system can either increase or decrease, at increasing CaCO;,
depending on the water content of the host magma (Fig. 6¢). In satu-
rated conditions this ratio rapidly drops (Fig. 6c, red line), indicating
that at low CaCO; the gaseous water extracted during the homogenisa-
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parameters are reported in Table 2.

tion is more significant or comparable with the amount of gas produced
by the carbonate dissolution, already present in the heterogeneous sys-
tem. On the other hand, moving towards undersaturated conditions
(Fig. 6¢, blue line), this ratio 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, dur-
ing the homogenisation, between the CO, gas that dissolves back into
the host magma, and the CO, dissolved in the contaminated magma
that exsolves and favours water exsolution. During the homogenisation,
the gas phase has to yield CO, to the melt and/or take H,O from the
melt itself. In saturated systems, H,O exsolution prevails on CO, disso-
lution, while it is the opposite in undersaturated systems.

A similar behaviour emerges also in the composition of the gas phase
(Fig. 6d): increasing the CaCOj;, the gas composition of the homoge-
neous magma (solid lines) is enriched in CO, because the CO, gas
amount produced by the carbonate dissolution predominates over the
gas water extracted during homogenisation. On the other hand, the het-
erogeneous system (dashed lines) is always richer in CO, 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 CaCOj, the role of ho-
mogenisation and water content becomes less important and the gas
phase is mainly carbon dioxide produced by carbonate dissolution.
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5. Discussions
5.1. Carbonate dissolution

The phase diagram of CaCO; (Baker, 1962; Peretyazhko et al., 2021;
Hou et al., 2019) shows that temperature of carbonate decomposition
rapidly increases with pressure, hence pure thermal decomposition can
take place in the plumbing system only at a very shallow depth. The
effect on eruptive style and ascent dynamics is therefore limited. More-
over, a thermal decomposition timescale of a few minutes for small
(millimetric-sized) clasts (Knuever et al., 2023) is then extremely large
compared 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 dy-
namics are more probably affected by the carbonate dissolution (i.e.,
interface reaction + diffusion), as also confirmed by experiments (Dee-
gan et al., 2010; Jolis et al., 2013; Deegan et al., 2022). This finding
moves the focus of our investigation from the purely thermal heating of
the carbonate clast to the interface reaction and the subsequent diffu-
sion through the melt shell.

Since carbonate dissolution can be considered a diffusion-controlled
process, the mobility of CaO is of paramount importance. A constant
diffusion 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 experiments, exponentially decays with decreasing con-
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centration, from 1077 m?2/s (~35 wt% CaO) to 10~'! m?/s (~10 wt%
Ca0). Such a functional form of the diffusion coefficient can explain the
concentration profile of CaO (i.e., CaO pile-up, Deegan et al. (2010))
and the extremely fast dissolution rate of carbonate measured during
magma-carbonate interaction 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~!! m?/s) pro-
vides an excellent prediction of the mixing experiments of Deegan et al.
(2010). Therefore, it seems that the behaviour of the diffusion coeffi-
cient derived from carbonate dissolution experiments differs from the
one calculated from mixing experiments. An interesting result about the
functional form of the diffusion coefficient of CaO was recently reported
in Persikov et al. (2022). These authors calculate from mixing exper-
iments the concentration dependence of all diffusing components at
the interaction between a basalt and a carbonate-containing kimberlite
melt, using an exponential functional form of the diffusion coefficient
very similar to our own. Persikov et al. (2022) conclude that the depen-
dence of the diffusion coefficient of CaO (as well as the other oxides)
on concentration is so weak that can be considered constant. Again, this
is in contrast with modelling and observations for the dissolution pro-
cess but in good agreement with experiments and model results for the
mixing process.

10

Some experiments show a network of melt veins intruding the car-
bonate clast, probably due to a set of original mineral cleavages (Deegan
et al., 2010). This could increase the carbonate-melt reaction interface
speeding up the dissolution. However, there is no experimental evi-
dence that the original clast is dissected into many smaller dissolving
fragments, as expected from a dissolution process acting on both the in-
ternal (i.e. fractures) and external surfaces of the original clast. Only a
single fragment is visible in the experimental images at the final stages
of the dissolution process. Probably, the veins within the clasts are quite
thin so they are saturated fast by dissolution, preventing the reaction
from continuing. In any case, such a mechanism could explain the fast
dissolution rates but it could not justify the shape of the concentration
profile (i.e., CaO pile-up).

A possible way to solve this contradiction is to hypothesize that
what we estimate during carbonate dissolution experiments is a tran-
sient strain-enhanced diffusion (Dickinson et al., 1994; Lim et al., 2000),
where the strain is produced by the extensive nucleation and growth
of CO,-rich gas bubbles at the carbonate-melt interface. Interestingly,
this effect shall cease when the carbonate is completely dissolved and
hence would justify a constant diffusion coefficient for the mixing pro-
cess. However, further experimental and modelling investigations are
required to test this hypothesis.
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5.2. Efficiency of gas release during magma-carbonate interaction

Our results show that mingling and mixing between the contami-
nated melt and the host magma modulate the gas exsolution process in
space and time. Bubble trails observed in the experiments at the con-
tamination front are the evidence. These bubbles are explained in the
literature as bubbles generated at the carbonate-melt interface and mi-
grated outward (Deegan et al., 2010; Jolis et al., 2013; Blythe et al.,
2015). We show, instead, that the concomitant diffusion and exsolution
of the volatile species at the contamination front, during mixing, gen-
erate a gas wave expanding inward and outward from the front. Also,
the CO, gas bubbles that migrate outside of the contaminated region
interact with the uncontaminated melt, extracting H,O and yielding
CO,. These two processes, which we shall hereafter call homogenisa-
tion-induced exsolution, modulate the availability of exsolved gas in
the system and drive the system towards homogenisation. Thermo-
dynamic modelling shows that homogenisation-induced exsolution is
more important at small quantities of interacting carbonate. Hence, the
timescales of mingling and mixing dictate the timescale of the exsolu-
tion 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 homogenisation (as well as the water content
of the host magma) is negligible compared to the primary amount of
gas resulting from the carbonate dissolution. In this case, the leading
timescale is that of the dissolution.

Let us place these results in a volcanological context. The upper-
end limit of 20 wt% of interacting CaCO;, used for thermodynamic
calculations, can be representative of a carbonate lithic cargo almost
completely dissolving in the host melt in syn-eruptive regime (Sottili et
al., 2009) or representative of the carbonate rocks assimilated in plu-
tonic environments (Iacono Marziano et al., 2007). Such an amount
of interacting CaCO; releases a very large amount of gas, even at un-
dersaturated conditions (up to ~30 vol% at 200 MPa and 1473 K, for
the Merapi basalt composition). Since the contribution of gas from the
homogenisation-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 min-
utes for clasts <1 cm and becomes much longer (days) for larger sizes.
In a syn-eruptive scenario, the conditions leading to an extensive disso-
lution of the carbonate lithics may be related to a finer size distribution
of carbonate lithics. In this case, the release of a large amount of gas
in such a short time may trigger an eruptive event or drive mafic mag-
mas towards anomalously high-intensity explosive eruptions (La Spina
et al., 2022).

Most times, we expect only a percentage of the carbonate to be as-
similating. For example, in the Colli Albani district (Italy), entrained
carbonate lithics show variable degrees of interaction (Sottili et al.,
2010) and their size distribution lacks the finer classes (Sottili et al.,
2009). Also, the assimilation itself, as will be discussed later, can be a
self-limiting process. Thus, the value of ~5 wt%, used in our thermody-
namic calculations, can be considered representative of these situations.
At such conditions, 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 increasing viscosity of the host melt is to slow down homogeni-
sation, hence having a buffering effect on the homogenisation-induced
volatile exsolution. On the other hand, at low viscosities most gas can
be exsolved right at the beginning of the magmatic interaction, possi-
bly contributing to an increase in the explosivity of mafic, crystal-free
magmatic systems. Even considering the higher viscosity case, thermo-
dynamic modelling shows that dissolution of carbonate can release, at
200 MPa and 1473 K (Merapi basalt composition) ~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) or unresting
episodes.

11
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Anyway, it is worth noting that in our models we assumed isother-
mal superliquidus conditions. While this assumption works for model
comparison with the experiments, temperature variations due, for ex-
ample, to the ingestion of a high amount of cold carbonate, could
be important, in particular during the emplacement in the crust. As
temperature decreases, diffusion slows down and viscosity increases,
hindering dissolution, mingling and mixing dynamics. In this situa-
tion, carbonate dissolution and mingling could have similar timescales
(4is = Tyin) and bubbles can migrate while the carbonate is still dissolv-
ing. Multiple smaller bubbles rising, instead of a single or few larger
bubbles, could change mingling dynamics, favouring chaotic mixing
(Wiesmaier et al., 2015). Temperature decrease below liquidus can in-
duce crystallisation. Crystallisation of the magma also increases with
increasing carbonate assimilation (Iacono Marziano et al., 2007; Carter
and Dasgupta, 2016). While the dissolution timescale seems to be unaf-
fected by limestone composition (i.e., CaO vs MgO) (Jolis et al., 2013),
the MgO content can control the crystallisation process and the evo-
lution of the residual melt (Iacono Marziano et al., 2007). Crystallisa-
tion increases the melt + crystals mixture viscosity, hindering mingling
and mixing. In summary, temperature can play an important role in
the magma-carbonate interaction and the assimilation of carbonate be-
coming a self-limiting process over a relatively long time (i.e., hours
to days in Iacono Marziano et al. (2007)). Fingerprints of short-term
magma-carbonate interaction preserved in the deposits confirm a possi-
ble incomplete homogenisation process between magma and carbonate.
For example, Morris and Canil (2021) observe drops of contaminated,
Ca-rich melts in the mafic dikes of the Jurassic Bonanza arc, hypothe-
sizing that it can be the result of an incomplete homogenisation 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

+ Short-term interaction of magma with carbonate has important ef-
fects on volatile exsolution. Lithic clasts dissolve in the magma
generating contaminated Ca-, CO,-rich melt pockets with a primary
CO,-dominated gas phase. The mingling and mixing processes be-
tween these contaminated melt pockets and the host melt lead the
system to homogenisation and modulate the amount of exsolved
gas.

« At larger amounts of interacting carbonate, the contribution of gas
from homogenisation is negligible compared to the primary gas ex-
solution resulting from 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 and 1473 K, from
dissolution of ~ 20 wt% of carbonate) in a short time (seconds
to minutes for millimetric clasts), driving mafic magmas towards
anomalously high-intensity explosive eruptions or determining vol-
canic unrest.

+ At low quantities of interacting carbonate, the homogenisation pro-

cess contributes more to the gas amount of the system, hence,

the timescales of mingling and mixing dictate the timescale of
exsolution. Likely the system never reaches homogenisation in syn-
eruptive regimes, due to the relatively slower homogenisation pro-

cess. Even in this case, dissolution of carbonate can release, at 200

MPa and 1473 K, ~ 10 vol% of gas. Such an amount may still im-

pact the eruption style determining the transition from effusive to

explosive or volcanic unrest.

Slower mixing and mingling due to greater host magma viscosities

imply that the fingerprints of short-term magma-carbonate inter-

action can be preserved in the volcanic deposits, in the form of
filaments or drops of contaminated melt.
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+ Future model developments include simulating the scenario where
carbonate dissolution and bubble-enhanced mingling happen on
similar timescales. However, further work is required to under-
stand the kinetics of dissolution of carbonate. We think that the
anomalous high mobility of CaO, obtained from carbonate disso-
lution experiments, in contrast with the one measured during the
diffusion couple experiments, merits attention.
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Appendix A

A.1.  Assuming conservation of mass of CaO within a constant-
density melt shell (see Table 1 for notations and units)

melt (3 Nd% |.

CaCo Caco
Mo D =Mo" O)+ Prery / Yecao

Vinelt

ypell(,0)dx — /
Vinelt

(A1)

The substitution % = 4/3zx>, where x is the Lagrangian coordinate
(eq. (3)), yields dx = 47 x2dx. Therefore,

CaCO; CaCOs

mCaO (I)=mCaO (0)
So So
+47p,01 /ygfllé(x,O)xzdx—/ygfll(’)(x,t)x2dx . (A2)
Ry Ry
Derivating in time,
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= Pmen PTIR x. (A.3)
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Considering that
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dt  €ca0 Pcaco, P dt - i

Appendix B

B.1. Equation (7) for an infinite diffusion couple can be solved an-
alytically (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(=00,0)=y", (B.3)
y(+oo,0) =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=y+ %PFP—lAy (B.5)

Here, y is the vector of the mean terminal concentrations (3, = (y;r +
¥;)/2), Ay is the vector of the difference between terminal concentra-
tions (Ay; = y;r —¥;), P is the matrix whose columns are the eigenvec-
tors of D and F is a diagonal matrix

erf(z\/);_]t> 0

0 erf<2 :711>

where 4; are the eigenvalues of D.

F=

B.2. The exsolution/dissolution term can be written as the product
between the interfacial mass flux J and the interfacial area concentra-
tion A

I,=J,A, i = H,0, CO,. (B.6)

Considering a representative spherical bubble of radius R [m], and a
bubble number density N, (number of bubbles per unit volume of lig-
uid), the interfacial area concentration A [m?/m?] is given by

A=4zR*Ny(1 - a). (B.7)
The interfacial mass flux [kg/(m2 s)] is given by
dymeh
Ji = Pmer@D; [#] R’ (B.8)

where the term in square brackets is the derivative at the bubble-melt
interface. For an isolated bubble, under quasi-static approximation, it is
given by (see Appendix B.3)


https://doi.org/10.5281/zenodo.10523077
https://doi.org/10.5281/zenodo.10523077
https://doi.org/10.5281/zenodo.10522967
https://doi.org/10.5281/zenodo.10522967
https://www.pi.ingv.it/progetti/eurovolc/
https://www.pi.ingv.it/progetti/eurovolc/
https://www.openfoam.com/

S. Colucci, F. Brogi, G. Sottili et al.

melt __ ~melt melt tot tot
[dyl’."e“] (yi i (ySiOZ’""yHZO’yC02>)
R

B.9
dr R ’ (B-9)

where j/lf"e” is given by the SOLWCAD model (Papale et al., 2006) as a
function of the melt composition and total volatile content.

B.3. The transfer of the i-th volatile species in the melt shell around
a growing bubble is described by the advection-diffusion equation in a
spherical coordinate system centred at the centre of the bubble

aymelt aymelt 19 aymelt
i i 2 i
+u === (D ——, B.10
ot " or r2 or toor (B10)
where y;"e’ ! is the concentration of species i in the melt, D; is the species

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

Drz dylr_nelt —0
dr |

By applying the product rule and assuming constant D we obtain

dy;nelt 5 dy:nelt
|:2r ar +r 12 =0.

(B.11)

D

72

(B.12)

Applying the substitution z =d y;""” /dr we obtain a first-order ODE

dz 2

—=—= B.13
dr r ( )
that can be solved by the separation of variables, obtaining
d y;ncl t c
= =—. B.14
dr 2 (B.14)

The general solution is
Yty =A- 2 (B.15)

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

¥ = Ry =g (B.16)
y;ne/t(r — S) =y, (B.17)
obtaining
B
_ omelt
A=yl 2 (B.18)
B=(y,—"") R. (B.19)

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

|:dy;ne11:| _ (ys _ y;nelt)
R

(B.20)

dr R ’

B.4. The effective binary diffusion coefficient of H,O is given by
Freda et al. (2003)
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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).

viscosity  density surface tension
fluid (Pas) (kg/m?)  x1073 (N/m)
silicon oil 0.1 965 20.2
Emkarox 65% (wt) 0.625 1052 38.7

Dygyo =exp [<11:924 = 1003 In (100- y72 )|

—exp (11.836 —0.139 - In(100 - yg:g))

X exp (B.21)

RT
melt
Yu,0
and R 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 =1GPaand yg, o between 0.0025 and 0.02.
The effective binary diffusion coefficient of CO, is given by Zhang

et al. (2007)

where T is in kelvins, is the weight fraction of dissolved water

(17367 + 1.9448 - p)
T

(855.2+0.2712 - p)

—

Do, =exp [-13.99 -

1t
+100 - y‘lfllso (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 y'lfl‘;l(‘) < 0.05
wit%.

Appendix C

C.1. The multiphase fluid dynamic OpenFOAM solver icoReact-
ingMultiphaseInterFoam is used in this work to study the mingling
driven by a rising gas bubble. In order to assess its capability in re-
producing bubble-induced mingling we consider the experiments of
Kemiha et al. (2007) (Fig. C.7). In this work, experiments and nu-
merical 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=5.1 mm) is released from a submerged orifice at the
bottom of a glass tank (12 cm width, 50 cm high) filled with two New-
tonian liquids of different densities, viscosities, and surface tensions
(Table C.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 ef-
fect of which has not been considered in the simulations with silicate
melts.

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 inter-
face 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, al-
though some differences can be clearly noticed, especially at later times,
the qualitative comparison is more than satisfactory.
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Fig. C.7. Comparison between snapshots at different times from a numerical simulation, and the image sequences of an experiment for a rising bubble that crosses
the interface separating two liquids with different densities, viscosities and surface tensions (Kemiha et al., 2007). Unlike previous simulations, an interfacial tension

between the two liquids is also present.
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