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Role of volatiles in highly explosive basaltic
eruptions
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Water and carbon dioxide are the most abundant volatile components in terrestrial magmas.
As they exsolve into magmatic vapour, they promote magma buoyancy, accelerating ascent
and modulating eruptive dynamics. It is commonly thought that an increase in pre-eruptive
volatile content produces an increase in eruption intensity. Using a conduit model for basaltic
eruptions, covering the upper 6 km of conduit, we show that for the same chamber conditions
mass eruption rate is not affected by CO, content, whereas an increase in H,O up to 10 wt.%
produces an increase in eruption rate of an order of magnitude. It is only when CO, is injected
in the magma reservoir from an external source that the resulting pressurisation will generate
a strong increase in eruption rate. Results also show that ascent velocity and fragmentation
depth are strongly affected by pre-eruptive volatile contents demonstrating a link between
volatile content and eruptive style.
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volatiles play a fundamental role in controlling magma

ascent from depth!-19. On Earth, the major gas species
present in magmas are H,O and CO,, but we can also find other
volatile components, such as compounds of S, Cl, and F, usually
in lower concentrations~1%. They are either exsolved as bubbles
or dissolved in the magma, and the amount of volatiles that can
stay dissolved within the melt scales with pressure!. Exsolved
volatiles increase magma buoyancy, resulting in acceleration as
magma approaches the surface!20. Therefore, exsolved volatiles
provide a strong driving force for magma ascent>%812,16.21,22
Volatiles (exsolved and dissolved) also influence several processes
during magma ascent, such as crystallisation®0:1517,23-25,
outgassing”>20-28, temperature and rheology>>142930, sig-
nificantly affecting the evolution and the style of an eruption. For
example, recently Arzilli et al.3! showed that large undercooling
(i.e. the difference between the highest temperature at which the
crystals are expected to begin to crystallise and the temperature of
the magma), which is strongly controlled by dissolved water
content’*432, drives exceptionally rapid crystallisation (within
minutes), inducing a step change in viscosity and triggering
magma fragmentation. Another example of the influence of
exsolved volatiles during magma ascent is given by the effect of
adiabatic cooling resulting from bubble expansion, which can
alter the magmatic temperature and, thus, the ascent dynamics.

It is widely recognised that higher volatile content is usually
associated with greater eruption intensity>’>33. Recently, many
authors have invoked high CO, content to explain stronger
explosive eruptions>1%1934-38 Indeed, following Henry’s law for
solubility of gas mixtures in a liquid, an increase in CO, content
has been proposed to result in more extensive exsolution of H,O
(resulting from the low solubility of the former compared with
that of the latter), increasing, in turn, the buoyancy and pressure
of magma, and thus the explosivity of the eruption. Although this
argument is compelling, it does not consider the influence of
other processes occurring during magma ascent, such as crys-
tallisation, outgassing, thermal and rheological variations. These
additional processes, due to their non-linear interdependency,
can affect the eruptive activity in different ways, producing
unexpected outcomes. Numerical models of magma ascent are
powerful tools to investigate the role of specific volatile quantities
within this strongly non-linear behaviour, and demonstrate their
impact on the overall ascent dynamics in a more holistic and
comprehensive approach.

Here we quantitatively investigate the influence of the two
major volatiles species in magmatic mixtures, H,O and CO,, on
the explosivity of basaltic magmas, the most common type of
magma on Earth, using a multiphase, multicomponent numerical
model for magma ascent, which takes into account all of the
major processes occurring during magma ascent28:2%-39-41,

A mong the different components contained in magma,

Results and discussion

Role of H,O and CO, on explosive basaltic eruptions. To
investigate the role of H,O and CO, on highly explosive basaltic
eruptions, we adopted a 1D steady-state model for magma
ascent*!, which has been widely used to investigate processes
during magma ascent at different volcanoes3*~4>. The governing
equations adopted here are those illustrated in La Spina et al.4!
and describe the ascent dynamics of a multiphase, multi-
component magma in a cylindrical conduit. The application of
the model to a specific volcano is achieved by providing appro-
priate constitutive equations, describing the specific rheological,
solubility, crystallisation, outgassing, and fragmentation beha-
viour, together with equations of state for each component. The

complete description of the equations of the model is illustrated
in the Methods section.

In this work, to investigate the role of volatiles on magma
ascent dynamics we consider as a test case one of the four well-
documented basaltic Plinian eruptions that have occurred on
Earth: the 122 BCE Etna Plinian eruption3146-30, A total volume
of 0.4km? dense rock equivalent was erupted, with an estimated
maximum column height of 24-26km, and an average mass
eruption rate (MER) between 5 and 8.5 x 107 kgs—1 464850 The
mineralogical assemblage is mainly composed of plagioclase,
clinopyroxene, and olivine, with phenocryst and microlite
contents of 1-10 vol.% and 65-90 vol.%, respectively*0:48:49,
Dissolved volatile content calculated from melt inclusions ranges
between 1-3 wt.% water, and 200-900 ppm carbon dioxide*. We
remark that the purpose of this work is not to simulate or
reproduce exactly the Etna 122 BCE Plinian eruption. We choose
this eruption as an example to investigate the role of volatiles on
highly explosive basaltic eruptions.

To quantitatively study the effect of H,O and CO, content on
the magma ascent dynamics of basaltic explosive eruptions, we
performed numerical simulations changing the initial total
volatile content (exsolved + dissolved) and consequently the
initial content of magma (melt 4 crystals), balancing the increase
in gas mass by removing mass of magma, whilst fixing all the
other input parameters (Fig. 1, Table 1).

QOur reference simulation assumes 3.0 wt.% of H,O and 0.9 wt.%
of CO,*. The simulations with higher H,O content (named “excess
H,O simulations”) assume either 6.0 wt.% or 10 wt.% of H,O.
High CO, simulations (named “excess CO, simulations”) use
either 6.0 wt.% or 10 wt.% of CO,. These simulations with excess
volatile content represent an internal redistribution of the pre-
eruptive bubbles towards the top of the magma chamber due to
buoyancy®!>2 (Fig. 1). Once the saturation condition is met within
the magma chamber, pre-eruptive bubbles start to nucleate and

e Xtop.t0 No external
interaction
buoyancy
force
melt +
bubbles crystals

Xep = Cle
Vg, = cte
P, = cte

Fig. 1 Schematic representation of excess volatile accumulation at the top
of the chamber due to bubble buoyancy. If the volatile saturation condition
is met within the magma chamber, pre-eruptive bubbles start to nucleate
and grow uniformly within the chamber (scenario at time tp). After some
time (t; > to), exsolved bubbles start to rise and accumulate at the top of
the chamber due to buoyancy, creating an excess volatile region

(Xtop,t1 > Xtop,t0)- Since this is simply a mechanical movement of the bubbles
inside the reservoir, the overall mean parameters within the chamber
remain constant (such as the total volatile content, x.,, the volume of the
amber, Vg, and the pressure, Pg,).
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Table 1 Initial conditions for the reference numerical simulation of the Etna 122 BC Plinian eruption, for the excess H,O and CO,
runs, for the sensitivity analysis, and for external increase in HO and CO, (due to interaction with an external volatile source).

Parameter Initial conditions for the Etna 122 BCE test case eruption
Reference value Excess H,0 Excess CO, Sensitivity Analysis External H,O External CO,
Inlet pressure [MPa] 160 160 160 140-180 191 229
Inlet temperature [°C] 1060 1060 1060 1030-1130 1060 1060
Total H,O content [wt.%] 3.0 6.0; 10.0 3.0 1-10 4.0 3.0
Total CO, content [wt.%] 0.9 0.9 6.0; 10.0 0.1-10 0.9 1.9
Initial crystal fraction [vol.%] ~10 ~10 ~10 0-20 ~10 ~10
Conduit radius [m] 35 35 35 10-50 35 35
Conduit length [m] 6000 6000 6000 6000 6000 6000

grow, and, if they have enough time, they ascend towards the top
of the chamber due to buoyancy. This will generate a gas-rich foam
at the top of the chamber (which is assumed to be the base of the
conduit) without changing the overall magma chamber pressure
and temperature. This implies that the inlet pressure is fixed, and
further chamber overpressure due to the addition of volatiles is not
considered in this first set of simulations. We remark that we used
6 and 10 wt.% of total volatiles to simulate “worst-case” scenarios,
in which a very high concentration of volatiles accumulates at the
very top of the magma chamber.

For all simulations, we consider a cylindrical conduit of 6 km
length®® with an inlet pressure of 160 MPa. The plagioclase
phenocrysts present in the erupted products suggest an initial
temperature lower than 1060-1100°C>3, thus we set the inlet
temperature to 1060 °C. Regarding the initial crystal content (i.e.
the phenocryst content), we use a value of ~10 vol.%, in
agreement with previous studies*48:49, The radius of the conduit
was set to 35 m, in order to produce a MER consistent with those
estimated for the Etna 122 BCE Plinian eruption. The different
eruptive styles resulting from the numerical simulations are
distinguished following La Spina et al.41.

As we can see from Fig. 2a, b, the pressure and the exsolved gas
volume fraction along the conduit decreases as we decrease the
total volatile content, and at a given depth, the greater the
exsolved volatile fraction, the greater the pressure within the
conduit (Supplementary Data 1). Changing the H,O content and
CO, content independently has different impacts on the ascent
velocity (Fig. 2c). At excess H,O content (6 and 10 wt.%) the
ascent velocity at depths below ~500 m is much higher than that
obtained at excess CO, content. However, the high ascent velocity
at depth resulting from simulations with excess H,O prevents the
formation of high strain rates in the low-viscosity basaltic magma,
resulting in lava fountaining eruptions rather than in powerful
explosive eruptions*! (Plinian and sub-Plinian).

The different velocity profiles obtained assuming either excess
H,O or excess CO, are the result of both gas volume fraction and
viscosity profiles along the conduit (Fig. 2b-d, Table 2). At higher
total volatile content (either H,O or CO,), the magmatic mixture
is more buoyant due to high exsolved gas volume fraction
(Fig. 2b, Table 2). In general, this buoyancy should promote a
faster magma ascent. However, in excess CO, simulations,
profiles show an increased mixture viscosity of about one order
of magnitude compared to the reference case (Fig. 2d, Table 2),
which counterbalances the increased buoyancy of magma,
resulting in similar ascent velocity with respect to the reference
case (Fig. 2c, Table 2). On the contrary, in excess H,O
simulations, profiles show reduced viscosity values compared to
the reference case (Fig. 2d, Table 2). The combined the effects of
high gas volume fractions and lower viscosities results in a large
increase in magma ascent velocity for the excess H,O simulations
relative to the reference case (Fig. 2¢, Table 2).

Mixture viscosity is strongly controlled by the dissolved volatile
content, the temperature, and the crystal content3?, which, in
turn, are strongly affected by the different total H,O and CO,
contents assumed, as shown below.

The dissolved volatile content increases as we increase the total
water content (Fig. 2e), since the total dissolved volatile content is
mostly water, due to the low solubility of CO, and the high
solubility of H,O at these depths21:37. Conversely, a decrease in
dissolved volatile content is obtained by increasing the CO,
content of the system (Fig. 2e), due to the corresponding changes
in partial pressures and the differences in solubility between the
two volatile phases.

The temperature of the system increases as total H,O is
reduced, and decreases as total CO, content is reduced (Fig. 2f).
These temperature trends are caused by two main competing
processes: adiabatic cooling during gas expansion and release of
latent heat of crystallisation?®. Since the system is at saturation
conditions, with increasing total water, the exsolved gas volume
fraction increases within the conduit (Fig. 2b), enhancing cooling
due to gas expansion. On the other hand, with increasing CO,
abundance, the dissolved volatile content decreases within the
conduit (Fig. 2e) thus favouring crystallisation (Fig. 2g), and
release of latent heat. The latent heat mitigates the effect of the
adiabatic cooling, resulting in a relative increase in temperature
compared with simulations without excess CO,.

The variation in volatile content also affects the crystal content
throughout the conduit (Fig. 2g). As we show above, both dissolved
volatile content and temperature profiles are affected by the
assumed total volatile contents (Fig. 2e, f). Lower dissolved volatile
contents and lower temperatures promote crystallisation (due to an
increase in magma undercooling)3!. In excess CO, simulations, for
most of the length of the conduit, we observe a decrease in dissolved
volatile content (which is mostly H,O) compared with the reference
case, which promotes crystallisation. Under the same conditions,
the temperature increases, which inhibits crystallisation. Numerical
results show that, for these excess CO, simulations, the effect of the
lower dissolved volatile content is stronger than the effect of higher
temperature, resulting in a net increase in crystal content relative to
the reference case. Following the same lines of inquiry, we find that
excess H,O simulations result in a lower crystallinity compared
with the reference case. (Fig. 2e, f).

Combining the different influences that H,O and CO, have on
the temperature, crystal content and dissolved volatile content,
our results show that an increase in CO, will increase the
viscosity of the magma mixture throughout the conduit, whereas
increasing the amount of water will decrease viscosity (Fig. 2d).

Consistent with La Spina et al4l, for the excess H,O
simulations, the eruption style shifts from lava fountaining
(subaerial fragmentation) towards highly explosive eruptions
(shallow fragmentation, ~140 m depth) as we decrease the total
water content. When the total water content is low, the magma
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Fig. 2 Comparison of the numerical solutions for the reference and excess volatile simulations. Evolution of (a) pressure, (b) exsolved gas volume
fraction, (¢) mixture velocity, (d) mixture viscosity, (e) dissolved volatile content, (f) temperature, (g) total crystal content and (h) mass eruption rate
(MER) along the conduit obtained for the Etna 122 BCE reference case (blue solid lines) and for the excess H,O (green and red solid lines) and CO, (cyan
and magenta dashed lines) case. Crystal content indicates the sum of phenocrysts and microlites content, where the phenocryst content is assumed
constant throughout the conduit (equal to the initial crystal content), and only microlites are crystallising during ascent.

Table 2 Gas volume fraction, viscosity and velocity values at selected depths resulting from the reference simulation and from
both the excess H,O and CO, runs.

Reference simulation Excess H,0 Excess CO,

H,0 =6 wt.% H,0 =10 wt.% CO, =6 wt.% CO, =10 wt.%

Gas volume fraction at 3000 m 0.16 0.36 0.54 0.42 0.52
Gas volume fraction at 500 m 0.43 0.57 0.72 0.55 0.66
Viscosity at 3000 m [Pa s] 4.2 x102 2.8 %102 2.3x102 1.9x103 53x103
Viscosity at 500 m [Pa s] 1.3x10° 1.6 x 104 7.4 x103 2.9x10° 11%106
Velocity at 3000 m [m/s] 5 33 58 7 8
Velocity at 500 m [m/s] 7 48 92 9 1

ascent velocity at depth decreases, but the exit velocity (given for
most high intensity eruptions by the choked flow condition)
remains similar. This results in greater magma acceleration
approaching the surface, and, thus, in an increase in elongational
strain rate at reduced H,O content. Furthermore, a decrease in
total H,O content results in higher viscosity as described above.
Both effects produce an increase in the Deborah number (i.e. the
ratio between the Maxwell relaxation timescale and the magma
deformation timescale)?! favouring magma fragmentation at
lower H,O content.

This result is counterintuitive, because, in the past, higher
intensity explosive eruptions have been linked to higher water
contents>7-33>4, Nevertheless, there are lines of evidence that very
powerful basaltic Plinian eruptions do not require high water
content#>>%, in agreement with our findings.

Contrary to the runs with excess water content, the excess CO,
simulations show similar or slightly deeper fragmentation (~80 m

depth for CO, = 6wt.% and ~330 m for CO, = 10 wt.%) than the
reference case (~140m depth), in agreement with Papale and
Polacci®*. This variation in fragmentation depth for the excess
CO, simulations, however, does not result in strong increase in
ascent velocity at depth (Fig. 2¢). The increase in crystal content
(Fig. 2g), and consequently in viscosity (Fig. 2d), associated with
higher initial CO, content, results in a higher Deborah number
compared with the low CO, simulation, facilitating deeper
fragmentation.

Consistent with the magma ascent velocities at depth and exit
velocities, MERs for our simulations (calculated as the mixture
density multiplied by the ascent velocity and the cross-sectional
area of the conduit) are essentially the same regardless of the
excess volatile content. For example, for simulations ranging from
0.9 wt.% to 10 wt.% of CO,, MERs vary only between 4 x 107 and
5x 107 kgs~! (Fig. 1d), much less than one order of magnitude,
whereas MER increases from 5 x 107 kgs™! to 3x 108kgs™! as
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H,O content increases from 3 wt.% to 10 wt.%, just under an
order of magnitude. To the best of our knowledge, this is a very
important and novel result because recently CO, content has
been identified as a major controlling parameter on the intensity
of explosive eruption>1619:34-3638 Qur results instead indicate
that CO, content does not detectably affect MER, whereas a large
increase in H,O may result in an increase of less than an order of
magnitude in MER.

Sensitivity analysis on basaltic eruption dynamics. With the
numerical simulations presented above, we investigated the role
of water and carbon dioxide on the magma ascent dynamics of a
highly explosive basaltic eruption compatible with the Etna 122
BCE Plinian eruption. We showed that an increase in total
volatile content strongly affects magma ascent velocity within the
conduit (Fig. 2c), while at the same time it has limited influence
on the MER (Fig. 2h). An increase in total volatile content results
in an increase in exsolved gas volume fraction (Fig. 2b),
decreasing magma mixture density, which counteracts the effect
of increase velocity on eruption rate. Importantly, we also found
that variations in H,O or CO, have a different effect on the
fragmentation depth: excess H,O changes simulated eruption
styles from explosive to fire fountaining, whereas excess CO,
leads to deeper fragmentation.

Although the numerical results presented above have been
obtained for the Etna 122 BCE eruption, they can be easily
generalised for any basaltic magma ascending in a cylindrical
conduit from depths less than ~6 km. Accordingly, for a broader
investigation of the role of H,O and CO, in basaltic magma
ascent dynamics, we performed a sensitivity analysis to study the
influence of some input parameters (inlet pressure and
temperature, radius of the conduit, total H,O and CO, content,
and initial crystal content) on specific output parameters (MER,
melt exit velocity, and fragmentation depth). The range of input
parameters adopted for the sensitivity analysis are illustrated in
Table 1. The ranges for inlet pressure, inlet temperature, and total
crystal content are set to account for uncertainty based on
literature data for these parameters?®:48-50.53 For the conduit
radius, we set values to produce MERs consistent with high
intensity eruptions (specifically > ~10% kg s—!). Finally, since the
focus of the manuscript is to investigate the role of volatiles for
highly explosive eruptions, we set wide ranges for H,O and CO,
total content, to include the excess volatile scenarios investigated
previously. We assumed a uniform distribution within the
aforementioned ranges. The sensitivity analysis was performed
on 10,000 different simulations using the DAKOTA toolkit
(Design  Analysis Kit for Optimisation and Terascale
Applications)®’, an open-source software developed at Sandia
National Laboratories that provides a flexible and extensible
interface between analysis codes and iterative systems analysis
methods such as uncertainty quantification, sensitivity analysis,
optimisation, and parameter estimation.

As we did for the first set of simulations (Fig. 2), we highlight
that for each numerical simulation the volume of molten magma
(melt + crystals) is not constant, and it varies according to the
initial volatile mass fraction assumed. Therefore, the overall
sensitivity analysis cannot be seen as an evolution of a given
magmatic system (such as describing a magma chamber that is
progressively cooling or depressurising), but as a collection of
different possible independent scenarios for a basaltic eruption.

Results from the sensitivity analysis (Supplementary Data 2)
show that inlet temperature, which represents the pre-eruptive
temperature of magma at the onset of the eruption, exerts strong
control on the style of activity*!, favouring powerful explosive
activity at lower temperatures, and lava fountaining at higher

temperatures (Fig. 3a). The initial crystal content also has a strong
influence on the eruptive style, highlighting that an increase in
initial crystal content results in an increase in the occurrence of
explosive eruptions (Fig. 3b). The strong control of temperature
and crystal content on style of activity is related to the viscosity of
the magmatic mixture, which increases with decreasing tempera-
ture and with increasing crystal content. In turn, the increase in
viscosity increases the Deborah number, favouring fragmentation,
which explains why we observe a larger number of highly
explosive eruptions at lower temperatures and higher initial
crystal content?l.

The inlet pressure and the radius of the conduit exert weaker
influence on the style of activity with respect to inlet temperature
and initial crystal content (Fig. 3c, d). However, increased
pressure and larger radii favour fountaining activities over
powerful explosive eruptions. Both higher inlet pressure and
larger conduit radius result in faster magma ascent at 6km,
reducing acceleration in the shallow conduit, thereby inhibiting
high elongational strain rates and corresponding magma
fragmentation.

Numerical results also show that water and carbon dioxide
have a different influence on the style of activity at basaltic
volcanoes. Higher total H,O content results in faster magma
ascent at depth (Fig. 2c), preventing acceleration and the
formation of high strain rates and magma fragmentation within
the conduit and therefore promoting lava fountaining over highly
explosive activity (Fig. 3e). In line with the findings of La Spina
et al.41, this does not preclude magma fragmentation during lava
fountaining activity, but it suggests that fragmentation, if
achieved, occurs above the vent. These results also confirm that
it is possible to have powerful explosive eruptions even when the
amount of water is relatively low (~1-3 wt.%), such as the Plinian
eruptions that occurred at Masaya Volcano, Nicaragua®>, and at
Tarawera, New Zealand>® and the sub-Plinian sequence at Sunset
Crater (AZ, USA)3. In contrast, we do not observe any variation
in the style of activity as a function of the total CO, content
(Fig. 3f). Our excess CO, simulations show that lower CO,
content results in shallower fragmentation depth (Fig. 2).
However, results from the sensitivity analysis suggest that this
is not sufficient to induce a significant change in eruption style
(Fig. 3).

The different fragmentation depths obtained in the sensitivity
analysis can be seen in Fig. 4a. Alongside the frequency of each
output parameter, we also plotted the corresponding Sobol
indices of input parameters (Fig. 4b, d, f), which are a measure of
how much the variability of an output parameter is affected by
the variability of a given input variable within the ranges
investigated*0. As anticipated, temperature has the strongest
influence on the fragmentation depth (and therefore on the style
of activity), followed by the water content, carbon dioxide content
and crystal content. Within the parameter space investigated
here, numerical results also show that melt/particle exit velocity
ranges between 40 and 300 ms—! (Fig. 4c) and that it is highly
influenced by the total volatile content in the magmatic mixture
(Fig. 4d). Specifically, the major controlling factor affecting exit
velocity is H,O content, followed by temperature and CO,
content. The calculated MERs show larger values for lava
fountaining activities rather than for powerful explosive eruptions
(Fig. 4e), in agreement with La Spina et al.#! MER ranges from
10° to 10%kgs~! for highly explosive eruptions, versus 107 to
10%kgs~! for lava fountaining. As anticipated, the MER is not
strongly affected by total volatile contents, but it is largely
controlled by the radius of the conduit and inlet temperature
(Fig. 4f). Therefore, our results highlight that the total volatile
content has a strong influence on magma ascent velocity, but not
on MER, as observed for the 2015 Calbuco eruption?.
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Fig. 3 Frequency of solutions as function of each input parameter resulting from the sensitivity analysis. \We plot the number of solutions obtained from
the sensitivity analysis as function of the input parameters: (a) the inlet temperature; (b) the initial crystal content (i.e. phenocryst content); (c) inlet
pressure; (d) conduit radius; (e) total H,O content; (f) total CO, content. Results are normalised as a percentage such that the sum of frequencies is

always 100. Of all the 10,000 simulations performed,

~7% (mostly at low inlet temperature and low total water content) were not able to satisfy the

boundary conditions at the vent of the conduit (i.e. magma is not able to reach the surface), resulting in unacceptable solutions. Since there is still a
significant amount of acceptable simulations (~93%), the sensitivity analysis has not been affected by this issue. The eruptive styles are distinguished
following La Spina et al.41. An “explosive” simulation (dark green triangles) is obtained when fragmentation is achieved below the vent of the conduit. If
fragmentation is not met within the conduit, then ballistic jet height H = u2/(2 g) is calculated. If H > 50 m then the simulation is marked as “high fountain”

(pink diamonds); if 0.1<H <50 m as “weak fountain”

To analyse in greater detail the role of water and carbon
dioxide contents on MER, exit velocity and fragmentation depth,
we report in Fig. 5 the corresponding correlation plots derived
from the sensitivity analysis.

From the numerical results we can see that a decrease in water
content from 10 wt.% to 1 wt.% results in a slight decrease in
MER (<1 order of magnitude, Fig. 5a). A variation in CO,,
instead, does not affect the MER at all, showing an average of
~108 kg s, regardless of the amount of CO, considered (Fig. 5d).
The exit velocity spans from ~50 to ~300 m s~! with the average
ranging from ~140 to ~230 m s~ ! over the full range of assumed
H,O contents (Fig. 5b, cyan line), whereas average exit velocity
ranges between ~175 and ~225ms~! over the full range of CO,
contents (Fig. 5e, cyan line). These plots show that the exit
velocity decreases as the total volatile content decreases, and that
it is more sensitive to a change in total water content than in total
CO, content.

The average fragmentation depth increases with increasing
water content, from 0 wt.% to roughly 3 wt.%, where basaltic
magmas are saturated at a chamber depth of 6 km (140-180 MPa)
(Fig. 5¢). Above 3 wt.% H,O fragmentation depth decreases with
increasing H,O content. The effect of CO, on the fragmentation
depth is different, such that fragmentation depth increases with
increasing CO, content (Fig. 5f) over the complete range of values
tested here, as was also highlighted in the excess CO,
simulations above.

; if H<0.1m as “effusive”.

Role of external volatile sources on magma ascent dynamics.
The total volatile content in a magma chamber can vary via
several mechanisms, including interaction with external sources,
such as carbonate rocks, and assimilation of CO, in a closed
system environment>®¢0 (Fig. 6). If gas cannot escape from the
system, these interactions result in an increase not only in total
volatile content, but also in chamber pressure. Magma chambers
are not rigid bodies, so an increase in chamber pressure may also
generate an increase in chamber volume (Fig. 6). According to
Tait et al.%l, the relative increase in chamber volume AV with
respect to the initial volume V can be calculated as [Eq. 1]
3AP

AV =2V,

i M

C

where AP is the relative increase in chamber pressure and g, is the
rigidity of the surrounding rock (here assumed to be 10 GPa, after
Tait et al.%1). Using the previous equation, and a mass balance
calculation, we can compute the increase in both chamber pres-
sure and volume produced by the addition of a given amount of
water or carbon dioxide into the magma chamber. We then
investigate the role of external volatile sources on magma ascent
dynamics by performing numerical simulations considering an
increase of either 1 wt.% H,0 or 1 wt.% CO, with respect to the
reference values (Table 1) and calculating the resulting increase in
both chamber pressure and volume. The main difference between
the simulations presented in the sections above and the following
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Fig. 4 Frequency of solutions as function of the investigated output parameters and the corresponding Sobol indexes resulting from the sensitivity
analysis. We plot the number of solutions obtained from the sensitivity analysis as a function of selected output parameters and the corresponding Sobol
indexes: (a, b) fragmentation depth; (¢, d) melt exit velocity; (e, f) mass eruption rate. In contrast to what illustrated in Fig. 3, the sum of the frequencies
here is variable, and is expressed as raw number (i.e. out of 10,000 runs). Explosive simulations are indicated with dark green triangles, whereas high

fountains simulations are marked with pink diamonds.

analysis is that each of the previous simulations represents a
single eruptive scenario, each with its own unique magmatic
storage condition; whereas below the mass of magma (melt+
crystal) remains constant across all simulations, while the pres-
sure and volume of the magma chamber are adjusted to account
for the increased mass of volatiles due to the interaction with an
external source.

For our test case eruption, an increase of 1 wt.% H,O or 1 wt.%
CO, due to external sources produces an increase in chamber
pressure of 31 or 69 MPa (Table 1 and Fig. 7a), and an increase in
chamber volume of 0.2% or 0.5%, respectively. Notwithstanding
the increase in total volatile content, the gas volume fraction at
depth remains similar to the reference case (Fig. 7b), balanced by
the increase in pressure. However, the ascent rates with the
addition of 1 wt.% external volatiles are significantly higher than
those of the reference case (Fig. 7c), and they are comparable to
those calculated with 10 wt.% H,O at a chamber pressure of
160 MPa (Fig. 2¢). Similarly, MERs increase by about an order of
magnitude with respect to the reference case (Fig. 7d), indicating
that the addition of a small amount of external water or carbon
dioxide at chamber depth can strongly affect the intensity of an
eruption. Regarding the style of activity, the strong increase in
velocity at depth precludes high strain-rates, and thus we observe
a shift in style, from powerful explosive eruptions (reference
solution) to lava fountaining (solutions with external volatiles).

Our results indicate that the increase in total volatiles due to
interaction with external sources and the consequent increase in
magma chamber pressure can have a strong impact on the
magnitude of the eruption, ultimately culminating into a

transition in eruptive style from highly explosive behaviour to
lava fountaining.

Conclusions

In conclusion, our numerical investigation indicates the funda-
mental role that volatiles play in controlling the ascent rate of
basaltic magmas. We show that basaltic magmas with high water
content ascend faster than the same magmas with lower water
content, due to higher buoyancy and lower magma viscosity.
Increasing CO, content increases viscosity, balancing higher
buoyancy and leading to weak correlation between CO, content
and magma ascent rate. However, when CO, is added to the
closed system at chamber depth from an external source, such as
due to an interaction with a carbonate rock, the increase in
chamber pressure resulting from the addition of CO, produces
sufficient driving force to strongly increase the MER.

Variation in volatile content can also affect the style of activity,
potentially leading to a change in style from stronger to weaker
explosive behaviour and vice versa. We show that, if exsolved
volatiles are not able to decouple efficiently from the melt at
shallow depths (<6 km), magma is more likely to fragment and
produce highly explosive eruptions such as Plinian and sub-
Plinian eruptions at low water content, due to higher magma
viscosity. This is consistent with evidence from very powerful
basaltic Plinian eruptions (such as Etna 122 BCE, Masaya Triple
Layer, Tarawera 1886), which suggest that is possible to have
highly explosive basaltic eruptions even with a low water content
(<3 wt.%).
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Fig. 5 Correlation plots of selected output parameters as function of each volatile content obtained from the sensitivity analysis. \We illustrate the
mass eruption rate as function of (a) H,O and (d) CO,, the melt/particle exit velocity as function of (b) H,O and (e) CO,, and the fragmentation depth as
function of (¢) H,O and (f) CO,. Each point (dark green for an explosive simulation and pink for a high fountains one) represents one of the

10,000 simulations from the sensitivity analysis. The cyan line is the mean of the output values at a given input value.
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Fig. 6 Schematic representation of volatile accumulation due to
interaction with an external source. As opposed to what illustrated in
Fig. 1, we consider that, at time to, the magma chamber comes in contact
with an external source of volatiles (such as carbonate rocks), which will
start to release volatiles within the chamber as exsolved bubbles. With
time, due to the injection of these new bubbles into the magmatic system
(which will accumulate close to the external source and towards the top of
the chamber), the total volatile content within magma chamber will
increase (Xch11 > Xchto). Furthermore, this addition of new mass into the
system will also produce an increase in magma chamber pressure
(Pcht1> Pento) and a consequent increase in chamber volume

(Vch,ﬂ > Vch,to)-

Our most important result is that a variation in magmatic CO,
volatile content has limited impact on the intensity or magnitude
of a basaltic eruption. It is only when further volatiles from an
external source (such as from carbonate rocks or ascending CO,-
rich bubbles) are added to a magma chamber, that the resulting
increase of pressure is able to produce a significant change in MER.

It is important to highlight that our simulations describe the
ascent dynamics of basaltic magmas ascending directly from a
shallow source (<6 km), where CO, is already mostly exsolved,
towards the surface. The presence of different proportions of CO,
(either from internal or external sources) could change the
dynamics deeper in the system, particularly where CO, initially
exsolves, and H,O is still mostly dissolved. In many cases, basaltic
volcanoes have a shallow reservoir (2-6 km depth), such as Etna
and Masaya®>%2. However, there is evidence of other volcanic
systems where magma ascends directly from greater depths
(>10km), such as Sunset Crater3®. For this reason, the role of
volatiles on the magma ascent dynamics for deep basaltic volcanic
systems may be different from what we obtained for shallow
systems, and thus requires further study.

Our work highlights how combining holistic numerical mod-
elling of magma ascent with information from well-documented
real eruptions can provide fundamental insights on the fluid and
thermodynamics within the magmatic system, with potential
future application to ongoing eruptions and associated risk
management.

Methods

Governing equation of the 1D steady-state magma ascent model. Here we
report the 1D steady-state model for magma ascent in a cylindrical conduit
described by La Spina et al.4l. During magma ascent several processes are taking
place at the same time, such as temperature changes, viscosity evolution, non-ideal
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Fig. 7 Comparison of the numerical solutions for the reference and
external volatile simulations. Evolution of (a) pressure, (b) exsolved gas
volume fraction, (€) mixture velocity, and (d) mass eruption rate along the
conduit obtained for the Etna 122 BCE reference case (blue solid lines) and
for the external H,O (green solid lines) and CO, (cyan dashed lines) cases.
Compared to the first set of simulations, an increase in volatile content of 1
wt.% due to the interaction with an external volatile source results in
magma chamber pressurisation and expansion, and ultimately in an
increase in MER.

gas behaviour, outgassing and both disequilibrium crystallisation and exsolution.
This model can solve for all these processes for each depth of the conduit at once.
The magmatic mixture is considered as a two-phase multicomponent
compressible fluid. From the inlet of the conduit up to the fragmentation level,
magma is assumed as a mixture of a liquid phase and a gas phase. The liquid phase
(indicated by the subscript 1) is made of a mixture of melt (subscript m), crystals
(subscript ¢) and different dissolved gas components (subscript d). The gas phase
(subscript g) represents bubbles of various exsolved gas components. If
fragmentation occurs within the conduit, a transition from a bubbly-flow/
permeable-flow regime towards a gas-ash flow regime is considered. Above that
point up to the vent of the conduit magma is assumed to be a mixture of a
dispersed particle phase (still indicated by subscript 1) and a continuous gas phase.
To characterise and describe each of the two phases and each component within
each phase we use several parameters, i.e. the volume fraction (ay), mass density
(px), mass fraction (xy), velocity (uy), specific internal energy (ex), specific entropy
(s), pressure (Py) and temperature (Ty). We assume that all components within
each phase have the same pressure, temperature and velocity (i.e. P, = PCJ =

Py =P and P, = P,, and analogously for the temperature and velocity).
Furthermore, the saturation constraints of &j + &, = 1 and x; + x, = 1 hold all
along the conduit. Using the notations described previously, the mixture
parameters can be defined as follows [Eq. 2]:

P =P+ a,P;
pP=opt ol T = T, + othg,
X :%; U = xjuy + X Ug; 2)
ap, — .
X = %; €= Xje + Xg€;

S = Xp8) + XgSg-

The magma ascent model allows for relative motion and overpressure between
the two phases of the magmatic mixture, which are governed by corresponding
relaxation parameters (described afterwards). The temperature of the two phases,
instead, is assumed to be in equilibrium (but not constant within the conduit)
between the two phases.

The conservation equations for the mixture mass and momentum read as
follow [Egs.3 and 4]:

o, ©)

9 P Pelg
3 | Z O‘kPk“k + Py | =—pg—fp, Trl(l —¢0) —fo, irl’ s 4
where g is the gravitational acceleration, r is the conduit radius (assumed to be fixed
from depth up to the surface), ¢y is a binary variable indicating whether
fragmentation is met within the conduit or not, and f}, and f, are the

8

Darcy-Weisbach friction factors, which are dependent on the conduit wall
roughness and the Reynolds number (following the empirically-derived Moody

diagram)®3.
The mixture energy equation is formulated following Zein et al. [Eq. 5]%%
)
% [ 2 agpyiy (ek +p + )] = —pgu- (©)

The liquid volume fractlon along the conduit is governed by the following
transport equation [Eq. 6]:

9
Tt=—d (P —P). (©)
The relaxation parameter 7(P) (m2 s~1) defines the overpressure between gas
and liquid phase. Following La Spina et al.4}, it is reasonable to assume (for basaltic
magmas) pressure equilibrium between the two phases, obtained by setting 7® =
107° m? s7L
The following partial differential equations are adopted to describe each
exsolved gas component and the corresponding dissolved contents [Egs. 7 and 8]:

o, p, U 1
slg 8 _ md _  mdeq _
9z ) (xd, xd ) <0‘1P1 Ej:alpc]ﬁj)’ (7)
2 ( xmdu ) — _L (de xmd eq) o _ le ﬁ (8)
Jz P d; "1 o) d d; 1Pl 7 lpcf il

where x74 is the mass fraction of the dissolved gas phase i, while xn “d is the same

parameter but at equilibrium conditions. In these equations, the exsolution rate is
controlled by the relaxation parameter 7(¢) (s). This characteristic time for basaltic
magmas has not been constrained by experimental data, thus, following La Spina
et al.%, as a first order approximation we consider disequilibrium exsolution
assuming a constant characteristic time 7 = 1 s.

The evolution of volume fractions of each crystal component within the conduit
are governed by the following transport equation [Eq. 9]:

3 (p i) = — g ap, (B, — B ©)

Here f; is the volume fraction of the crystal component j while ﬁ;q is the same
physical quantity at equilibrium. As for exsolution of gas, the crystallisation rate is
governed by the characteristic time 7(9) (s). Following Arzilli et al3!, the
disequilibrium crystallisation is taken into account assuming a constant
characteristic time 79 = 10 s.

Finally, the relative motion between the two phases is controlled by the
following partial differential equation [Eq. 10]:

P,
a_az[“—'——+el+ &=t — (5= 5T] =
2 (10)
T‘”PlP g) fD14oz,r(1 ¢f)+fD ﬁ‘pf'

The degree of decou tgyhng between the gas and the liquid phase is governed bya
relaxation parameter 7{ (kg~!m3s). A detailed description of how 7 is calculated
within the conduit can be found afterwards.

Constitutive equations for the Etna 122 BCE Plinian eruption. To simulate the
magma ascent dynamics of the Etna 122 BCE Plinian eruption we adopted specific
constitutive equations, such as rheological, crystallisation, wall friction, outgassing,
fragmentation, and solubility models. Most of these equations have been illustrated
in previous works28:31:40.41 "For completeness, we report below the constitutive
equations adopted in this work.

The viscosity of the liquid phase (i.e. magma viscosity) is calculated as follows
[Eq. 11]:

= e bes 11

where piel is the viscosity of the bubble-free, crystal-free liquid phase, and 6, is a

factor which increases viscosity due to the presence of crystals®>. The viscosity of

the bubble-free, crystal-free melt is computed using the following relationship®®,

based on the Vogel-Fulcher-Tammann equation [Eq.12]:
By )

log(ppe) = A + [T

(12)

In Eq. (12), the melt viscosity is expressed in Pa s, and temperature of the melt
is expressed in Kelvin. The parameter A represents the logarithmic value of the
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viscosity at infinite temperature. This parameter is assumed to be constant for all
melts (A =—4.5). The parameters B and C, instead, are functions of the melt
composition y and of the dissolved water content x"‘d In this work, we used the

average melt inclusion composition for Etna 122 BCE from Del Carlo and
Pompilio* (Supplementary Table 1). As crystallisation occurs within the conduit,
viscosity is increased according to the model illustrated by Costa et al. [Egs.
13-15]67:

14 ¢°
=—, (13)
[1—F(p. &, pI™
where
- D55 T o0+ 9. (14)
_(E) "

s

The fitting parameters B, §, & y and ¢* chosen for this work are the same used
in Vona et al.%%: B=2.8,£ = 0.0327,y = 0.84,8 = 13 — y, and ¢* =0.274.

The crystallisation model adopted here has been proposed by La Spina et al.?%.
In this work, we consider the three different major crystal components in basaltic
magmas: plagioclase, olivine and pyroxene. No fractional crystallisation is assumed
to occur during magma ascent, which means that crystals stay coupled with the
melt. For a better modelling of crystal nucleation and growth, we also assume that
the equilibrium crystal contents are functions of temperature, pressure and
dissolved water content. With these assumptions and following La Spina et al.?%,
the equilibrium mass fraction xlch of crystal phase j is computed using the

polynomial function [Eq. 16]
AP T, x) = (P + (T + Ga)” + GuP T +
+(j.5(T*)(X:1) + (j‘G(x;)(P*) + (j_7(P*) + (j.S(T*) + (j.9(x:1) + (j.lOa

where P* is the magma pressure (expressed in bars), T* is the temperature

(expressed in Celsius degrees) and x; is the dissolved water concentration

(expressed in weight percent). From x:%4, the equilibrium crystal volume fraction
J

(16)

ﬁjq can be computed using the relation [Eq. 17]
Plxlch
P,

By fitting the Eq. (16) over a large range of data obtained at different pressures,
temperatures and water contents with alphaMELTS®?, a command line version of
MELTSY, it is possible to calculate the parameters {j;. The melt compositions used
for the fitting Etna 122 BCE crystallisation model is reported in Supplementary
Table 1, whereas the fitting coefficients for each crystal component are reported in
Supplementary Table 2.

Following La Spina et al.%, we considered both laminar and turbulent regimes,

according to the Reynolds number of the liquid phase (Re) calculated as follows
[Eq. 18]:

Bt = (17)

puy2r
—_— 18
" (18)

For Reynolds numbers smaller than 2000, the flow is assumed laminar, and the
friction factor for the liquid phase f1, is calculated using the widely used
Hagen-Poiseuille’s law [Eq. 19]:

Re =

64
Re’
When Re > 3000, the friction factor for fully-developed turbulent flow is
approximated following Fang et al. [Eq. 20]71:
56.291\] 7
T Reroz

where Rr is the relative roughness of the pipe, assumed to be Rr=0.05 in
agreement with La Spina et al.*0. For Reynolds number between 2000 and 3000, a
transitional regime is considered, computing the friction factor as a linear
interpolation between flélmi"” and ﬁ;‘l’b"lem. Above the fragmentation level, the

friction factor for the gas phase f}, is set to 0.03 as done by Degruyter et al.”2.
8

flammar _

(19)

60.525

Rel.llOS (20)

fgllrbulem — 1.613 |:ln <0.23er'1007 _

The transition between effusive and explosive eruptions is controlled by the
efficiency of gas escape during magma ascent’>74. If gas is able to decouple
efficiently from magma, an effusive eruption occurs. On the other hand, a strong
coupling between gas and melt may lead to magma fragmentation and explosive
eruption. Therefore, a correct modellization of relative motion between gas and
melt is crucial for a correct description of eruptive style transitions. Here we
consider only vertical gas loss, whereas lateral gas escape is not taken into account.

There are several regimes describing gas flow in a liquid mixture: a bubbly-flow
regime (where non-interacting separated bubbles ascend uniformly distributed in
the liquid), a slug flow regime (in which bubbles coalesce in a few large bubbles

with diameter comparable to the conduit diameter), an annular flow regime (where
liquid forms a sort of annular ring at the conduit walls, with gas ascending along
the center of the conduit), a permeable gas flow regime (in which gas flows through
interconnected pathways within the melt)”2875-77, Following La Spina et al.?8 and
Degruyter et al.’”2, below fragmentation depth we assumed a permeable gas low
regime, whereas above the fragmentation level we used the model adopted by
Yoshida and Koyaguchi’®

The relative velocity between the two phases is thus governed by the velocity
relaxation rate 7{ (kg~'m3s), which can be expressed in the following form [Eq. 21]:

e plu — NP 3¢ .
@ — | (%2 Pe 8 (25D _
! |:(kv - k; ) (87a Pelta Mg|>

Here, Cp is a drag coefficient, r, is the average size of the fragmented magma
particles, and k, and k; are viscous and inertial permeability, respectively. Both
permeabilities can be calculated following Degruyter et al. [Eqs. 22-23]72

2
kv — (ftbsrb) ‘x;n

k = f Jth'b.

)

where fy, is the throat-bubble size ratio, m is the tortuosity factor, f, is a friction
coefficient, and r, is the average bubble size calculated as [Eq. 24]

i
a 3
g
"y = (47{ ) .
3Ny

For our simulations, in agreement with La Spina et al.#!, we used the following
values: Cp = 0.8, r, = 107° m, f,, = 0.8, m =5, Ng=10'3 and f;=10"".

Magma fragmentation is assumed to occur when the ratio between the Maxwell
relaxation timescale (,) and the timescale of deformation (14) is greater than 0.01.
By defining the Deborah number (De) as the ratio between the Maxwell relaxation
timescale and the timescale of deformation, the following fragmentation criterion
for magmatic mixture can be defined (brittle criterion) [Eq. 25]:

@y

(22)

(23)

(249

L _ (&)
De=r 2 \OJ MY g4,
i

Here, y is the magma bulk viscosity (Eq. 11), j is the strain rate and G.. is the
unrelaxed shear modulus at infinite frequency of the magma’?, which for a basaltic
magma can be assumed G., = 1010 Pa.

In comparison with previous works28:3140.41 here we implemented new
solubility models for H,O and CO, based on the work done in Allison et al.3. The
equilibrium dissolved water content as a function of water fugacity has been
modelled following the results for Etna presented in Lesne et al. [Eq. 26]3!:

- L

1.83
e g oq . [Jimo
H0 104.98

where szo = fu,0/Lbar is the non-dimensional water fugacity, fy; ¢ is the water
fugacity expressed in bars, and 1y, is the unity in bars. Following Holloway and
Blank®” and La Spina et al.*? we approximate water fugacity as [Eq. 27]:

fr,0 = 0.9823(Py ), 27)

where Py  is the partial pressure of water expressed in bars. The partial pressure
of water is calculated as Py o = « where P, is the pressure of the gas

(25)

(26)

w0l s/ %
phase (expressed in bars), and a  and ay are the volume fractions of the exsolved
2
water and of the total gas phase, respectively?’. Since we only consider two gas
species, the following saturation constraint holds: @, = &+ o, .
2! 2
The equilibrium dissolved CO, content, instead, has been modelled as a
function of carbon dioxide fugacity, which, following Allison et al.’’, reads as
follow [Eq. 28]:
mdeq /s 0.797 -
Xgy, = 2:831x107°(f o, . (28)
Here, fCOZ =f o, /1y, is a non-dimensional variable and f, co,is the fugacity of
CO, expressed in bars. Again, following Holloway and Blank®" and La Spina
et al.40, carbon dioxide fugacity can be approximated with a 6th order polynomial
[Eq. 29]:

. L6 PN L4
feo, == (bgPco,) + (bsPco,)” + (b4Pco,)

. 3 . 2 . (29)
+ (b3Pco,)” + (byPco,)” + (b1 Peo,) + by,

where pcoz = Pp, /1pa is the non-dimensional partial pressure of carbon dioxide,

Peo, = ag Py /ey is the partial pressure expressed in bars, b = 6.62x 1074,
- 2

by =9.49x 1074, b, = 4.63x 107, by = 3.31x 1073, b, = 1.46x 1072,

b, = 0.999999857, and b, = 2.32x 107°. Since the saturation constraint ag =

Yo T oo, holds, we also have that P, = Py o + Pco,-

10 COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:156 | https://doi.org/10.1038/s43247-022-00479-6 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/543247-022-00479-6

ARTICLE

Equations of state and boundary conditions. In order to close the system of
governing and constitutive equations, equations of state for melt, crystals, dissolved
and exsolved gases (as function of density and temperature) have to be defined.

For the exsolved gas components, we adopted the Van der Walls non-ideal gas
equations of state [Eq. 30]2:

e Py, T) = ey T —agpy 2,
PY
Py (P T) = Gy (v, — DT 135 — ayp},

Pog, Oy =D 30
5,y T) = ¢, log [ﬁ (ﬁ a- bg,pg,)> ) ] (30)

o 0~y T
2
(1 =bypy)

Colpg, T) = — 2ag,py,

for i =1,...,n, Here € is a constant parameter representing the formation energy of
the fluid, ¢, is the specific heat capacity at constant volume, y is the adiabatic
exponent, po, Py, Ty, so and C, are respectively the density, pressure, temperature,
specific entropy and speed of sound at a reference state. The coefficients a, and b,

are defined as [Eq.31]

27 g — b’ T

160, (g, — DTy,
a, = -
5 64 P

, b, = ———— (31)
cg 58 Peg,
where P, and T are respectively the critical pressure and temperature of the gas
component g;.

A linearised version of the Mie-Griineisen equations of state has been adopted
for melt and crystals phases [Eq. 32]81:82;
PoxCox = MiPok

VP ’

PoxCox — VP
Prlpi T) = ¢, 1y — Dp T — W7

- 71
skPs T) = Sox + €4 In [ﬁ (PPL:) ] ’

A\ %L (o T) =50
Culpe 1) = COM (2)" exp(x2s),

where k= m,c; for j=1,....,n.

To calculate the numerical solution of the 1D steady-state model for magma
ascent, boundary conditions have to be defined. At the inlet of the conduit we set
the initial pressure, temperature, total content of volatiles (water and carbon
dioxide), and the initial crystal content (phenocryst content). At the vent of the
conduit, instead, two boundary conditions are allowed: atmospheric pressure
(0.1 MPa) and/or choked flow condition. The choked flow condition is met when
the mixture velocity is equal to the speed of sound of the mixture (i.e. when the
Mach number is equal to 1). In this case, the pressure at the vent of the conduit
may be greater than the atmospheric pressure. The speed of sound of the mixture is
calculated using the following equation [Eq. 33]:

c 1
= /K (33)
where K= a;,K; + agK; is the compressibility of the mixture.

The numerical solutions are calculated integrating all the system of partial
differential equations coupled with appropriate constitutive equations, equations of
state and boundary conditions, from the inlet of the conduit up to the vent.
Specifically, the numerical solution is computed using a shooting technique, which
consists of searching for the initial magma ascent velocity that satisfy the boundary
conditions at the vent of the conduit (i.e. atmospheric pressure or choked flow
condition)®3. Furthermore, when the solution begins to be highly non-linear the
numerical solver refines automatically the step-size of integration. With a decrease
in step-size, however, the approximation of the derivatives may introduce
truncation errors due subtractive cancellations in the approximations, causing
instabilities and difficulties in converging to the correct solution. To overcome this
problem, we used a reliable method for calculating the derivatives, which is based
on complex functions. This has been described in La Spina et al.®2. By adopting the
complex step derivative approximation, the step-size of integration can be as small
as required, with no further numerical errors introduced in the solutions.

e(pp, T) =, + cv7kT +

(32)

Data availability

The authors declare that all other relevant data supporting the findings of this study are
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available from the corresponding author upon request.

Code availability
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