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Abstract. We present a model for volcanic eruptions in open-conduit condition based on the transport of batches of magma
driven by the accumulation of bubbles. The viscosity of the surrounding magma counteracts gravity; however, the primary
upward force acting on these bodies is driven by gas vesicles which accumulate beneath the denser bodies. Few simple and
realistic assumptions lead to our theoretical model, based on the Brownian motion of colder and denser bodies embedded in a

5 less dense and hotter magma, that can fit very well the erupted volumes distribution obtained from on field observations. Further
validation is provided by extensive simulations which include all the main theoretical ingredients and, at the same time, provide
additional insights on the functioning of volcanoes. Overall, the model provides a good representation of the Strombolian
eruptive style. In fact, it was developed to address the apparent paradox of observing denser erupted materials embedded
within a less dense magmatic medium. Furthermore, the model successfully reproduces the eruption volume distributions

10 across various eruptive styles, suggesting that a mechanism such as coalescence underpins a more generalized framework for

volcanic activity.

1 Introduction

Volcanic eruptions are complex natural geological processes depending on many characteristics of the magma composition

and dynamics, thus not yet fully understood. One aspect that however is largely accepted is that one of the dominant factors
15 controlling volcanic eruptions is the gas dissolved in the magma (Turcotte and Schubert, 2012). Indeed, together with the

volcano’s degassing capability, the quantity of gas in the magma, controls the explosiveness of the eruptions (Cassidy et al.,

2018). This is particularly true for silicic magmas exhibiting a very high explosiveness (Jaupart and Allegre, 1991; Degruyter

et al., 2012). However, explosive eruptions are also observed for basaltic magmas (Aramaki et al., 1986; Williams, 1983;

Walker et al., 1984; La Spina et al., 2022) and are generally classified as Hawaiian or Strombolian (Walker, 1973; Parfitt,
20 2004).
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The Hawaiian eruptions are characterized by continuous flux, generating lava fountains. These eject in the air magma bodies
with a diameter ranging from some millimeters to one meter at a speed of ~100 ms~'. Generally, their fallout generates
sufficiently fluid lava flux (Wilson and Head III, 1981; Head IIT and Wilson, 1989; Tilling et al., 2010). The Strombolian
eruptions are instead named after the Stromboli volcano in the Aeolian Islands in southern Italy and are characterized by a
higher explosiveness (Walker, 1973; Cas and Wright, 2012). These are caused by the accumulation of gases beneath the cooler
magma inside the conduit triggering an explosion (Wilson, 1980).

Many models have been developed for explaining basaltic explosive eruptions and can be divided into two different classes.
The first class views the gases as trapped within the magma, where their ascent velocity dictates the resulting eruptive styles
(Head IIT and Wilson, 1987; Parfitt and Wilson, 1994; Parfitt et al., 1995; Scandone et al., 2007). The second class, conversely,
considers the gas and liquid phases to be segregated (Vergniolle and Jaupart, 1986; Jaupart and Vergniolle, 1989; Vergniolle
and Brandeis, 1996; Oppenheimer et al., 2020). In this latter scenario, an unstable foam layer forms at the top of the magma
chamber, generating Hawaiian eruptions when gas bubbles fail to coalesce. Conversely, Strombolian eruptions occur when
bubbles coalesce into gas slugs, leading to characteristic discrete explosions (Jaupart and Vergniolle, 1988, 1989; Allard,
2010).

From a detailed statistical analysis of available data, a very interesting result has been obtained in (Papale et al., 2021), where
it is shown that the erupted magma volumes are distributed according to Gamma distribution with an exponent of the power
law regime equal to —3/2. However, such an analysis remains at a purely empirical level and a microscopic model accounting
for the observed scaling has not been introduced.

In this paper, we propose a novel approach to modeling explosive volcanic eruptions. Our ultimate aim is to show that
the proposed model, which is based on few simple but reasonable assumptions, can produce realistic outputs. The model we
present is based on the existence of denser magma bodies within magma chambers (see discussion in Sec. 2). By allowing
these bodies to diffuse and coalesce, we obtain a theoretical estimate of the probability density of erupted volumes that closely
matches the experimental one. In addition, while the model was at the first instance developed for Strombolian eruptions, the
result seems to be applicable to a broader range of eruptive styles. We thus speculate that our model may represent a first
step towards a more general coarse-grained continuum framework capable of describing all explosive styles - from effusive
to explosive and intermediate cases - by fine tuning the parameters related to gas bubbles and vesiculation. Our theoretical
findings are confirmed by extensive simulations of a Brownian diffusing model which encompasses all the main ingredients of
the theoretical model.

The remainder of the present paper is organized in the following way. In Sect. 2, we briefly review the existing literature
about the presence of bodies of different densities in a magma chamber, in Sect. 3, we present our model and provide a
theoretical prediction for the distribution of the erupted volumes reported in the volcanic eruption catalogs. In Sect. 4, we detail
our numerical approach, and present a series of results confirming the theoretical prediction while also exemplifying the role

of critical model parameters. And finally, in Sect. 5, we draw the conclusions of our investigation.
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2 How denser bodies do exist
2.1 Mush formation

The presence of denser magma bodies has been discussed in the literature, especially concerning the so-called mushy zones
(Cashman et al., 2017; Parmigiani et al., 2016). These are partially crystallized regions within a magma chamber where solid
crystals (dendrites or grains) are surrounded by residual liquid melt (Marsh, 2006); similar structures have also been observed
in molten metals during their cooling process (Barrick et al., 2017). Erupted materials with the characteristics of mushy zones
have been observed, among others, at Soufriere Hills (Sparks and Young, 2002), Sakurajima (Gabellini et al., 2022) and Chaitén
(Castro and Dingwell, 2009).

Here we hypothesize that, even if a large amount of literature suggests the existence of mushes on the boundaries of the
magma chamber (see, among the others, Cashman et al. (2017); Caricchi et al. (2021); Humphreys et al. (2025)), some portions

of the mushy zones can be moved inside the chamber due to (as example):

— convective motion triggered by density gradients associated to temperature, dissolved gases and crystals concentration

inhomogeneities;
— stress caused by the gravity;
— internal stress due to the presence of fractures in the mushy zone.

A further hypothesis is that crystallization occurs at an intermediate stage and the mushy zones are not yet a dominant part

of the magma chamber. As a consequence they are more free to detach from the edges of the chamber and to wander around.
2.2 The role of the dissolved gases
2.2.1 Bubble formation

For the sake of completeness, we briefly describe the mechanism of bubble formation. However, for the purposes of our model,
it is sufficient to assume their existence without specifying a particular formation mechanism. We remark that vesiculation is

governed by the variation of free energy (Proussevitch and Sahagian, 1996):

4
AG(r) = 4nriy — §7TT3AP, (1)

where 7 is the surface tension magma-gas, r is the bubble radius and AP = P, — P, with P, the gas pressure and P, the melt
pressure. When AG reaches its maximum at

_ 2%

Te=Ap’ 2

the bubble forms. This implies that if » < r. the bubble collapse, conversely we observe a spontaneous grow of the bubble for

r > r.. Substituting (2) into (1) we get the free energy variation necessary for the bubble formation
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16773
3AP?

Notice that the inverse dependence on AP? makes easy the bubble formation even for small AP.

AG. = 3)

The above process is referred to as homogeneous nucleation. However, in real magma chambers a more efficient mechanism
named heterogeneous nucleation occurs due to the presence of impurities which act as nucleation nuclei, increasing the rate of
bubbles formation (Sparks, 1978; Hurwitz and Navon, 1994; Mangan and Sisson, 2000).

Once formed the bubble starts to move pushed by the buoyancy force (Turcotte and Schubert, 2012):

4

Iy = 5777“3(,0m - pg)g “4)

where p,,, is the magma density and p, is the one of the gas.
2.2.2 How bubbles drive mushy zones to an eruption.

The apparent paradox of the eruption of the denser materials can be explained by invoking the role of the gas bubble accumu-
lation beneath the denser blob of magma and driving it towards the top of the magma chamber. This process, explaining the
observations for the erupted mushy zones, can be generalized to the eruption of any denser magma bodies.

During its journey through the magma, the bubble can meet our denser magma batches and remains trapped because the

resistance force (Tran et al., 2015):
F.=71,A=Crynr? )

where 7, is the yield stress and C' a geometric factor taking into account the contact between the bubble and the magma batch.

This means that the condition for trapping the bubble is that F, < F)., namely:

4
5777“3 (pm — pg)g < Crymr. (6)
This gives a minimum radius for trapped bubbles
Tmin = 3077@ . (7)
4(pm = pg)g

A further scenario warrants discussion: a gas bubble could bypass the denser body and proceeds upwards without generating
any eruption. Conversely, condition (6) can be satisfied when the viscous friction, 7 = ,udd% (p being the viscosity and u,
the ascent velocity of the bubble in the vertical direction), exceeds the buoyancy force instead of the yield strength 7,. As a
consequence, the viscous friction produces the same physical effect - namely, the bubble is trapped beneath the denser body,
and the blob of magma can be driven into the magma conduit, thereby generating an eruption.

The trapped bubble starts to push up the batch of magma because of the buoyancy force. As a consequence, the diffusion
of the denser bodies in the surrounding magma lowers the pressure in the wake of the motion (Plesset and Prosperetti, 1977,
Landau and Lifshitz, 2018) and new bubbles are generated due to Eq. (3) causing the increase of the force pushing up the
magma batch. In this sense our model has some similitude with the usual ones based on the gas dissolved in the magma as a

triggering mechanism for the eruptions (see, as an example, Shinohara (2008) and references therein).



115

120

125

130

135

140

https://doi.org/10.5194/egusphere-2026-2987
Preprint. Discussion started: 8 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3 The model

In Fig. 1, we report a sketch of the model we develop here. The first fundamental ingredient is the existence of cold, dense and
viscous magma bodies embedded in a hotter, fluid and less dense magma (see Fig. 1, left panel) as discussed in the previous
section. In the following, we refer to these bodies as blobs.

Within this overall scenario, it is reasonable to hypothesize that the friction, generated by the viscosity, can contrast the
sedimentation of the blobs due to gravity. This implies that the Archimedes number is ~1 (Bird, 2002) and the blobs can
float in the less dense magma. As a consequence, the motion of the magma bodies is mainly controlled by local convective
currents due to local temperature gradients within the hotter and fluid surrounding magma. We can model this motion as a
diffusion process. In addition, when two blobs come into contact, they coalesce (see Fig. 1, left panel). Admittedly, large-scale
convective motion can occur within magma chambers (Turcotte and Schubert, 2012; Brandeis and Marsh, 1989; Campbell,
1996); however, this does not preclude the diffusive behavior of the blobs.

Based on the concept of sphere of influence as in (Smoluchowski, 1916; Chandrasekhar, 1943) and on dimensional argu-
ments as discussed in Hunt (1982), it has been shown that the volume of diffusing and coalescing Brownian particles distributes
according to ~ V' ~3/2. Assumptions here are: i) the fluid diffusivity is inversely depending on the particles radii R; ii) particles
coalesce when they come into contact. As a consequence, if we assume that our magma blobs can be approximated by spheres
and that their diffusivity D o 1/R, we can explain the behavior observed by Papale et al. (2021), at least for the power law

regime of the erupted material, getting for the volume distribution
p(V)~ V73 ®)

The second ingredient of the model is gas vesiculation beneath blobs, which generates a force pushing them upwards. As
gas bubbles keep accumulating beneath the blobs during their motion, this force increases with time and the blob is transported
towards the conduit until an eruption event occurs (see Fig. 1, right panel).

For simplicity, we assume that the force pushing the blobs upwards increases linearly in time with constant rate A. The
specific value of A takes into account all factors affecting how fast vesiculation occurs, gas bubbles migrate inside the viscous
magma, magma compositions or blob geometries. An eruption thus occurs as soon as the buoyancy force provided by the
vesiculation equals the gravity force acting on the blob, which is the base-line condition for which the blob rises. In symbols,

we have
AAL = pgV. )

where A is the increasing rate of the buoyancy force generated by the vesiculation, At is the time interval between two
successive eruptions, p is the density of the blob and V% is the volume of the incoming eruption.
In what follows, we assume a Poissonian model for the temporal occurrence De la Cruz-Reyna (1991); Bottiglieri et al.

(2005); Papale (2018). As a consequence, At follows an exponential distribution:

par(At) = pe M4 (10)
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First ingredient: magma blobs Second ingredient: gas vesiculation

eruption
magma
hamber

Denser magma blobs, move in a less dense magma
medium. Motion is ruled by temperature gradients and
convective motion of the fluid magma.

vesciculation
VISCOSIlY
Aaelb

vesiculating gas bubbles Y

During their diffusion blobs can encounter one
another and coalesce

Gas bubbles vesiculate under the blobs,
generating and upward force. A blob
eruption occurs when vesiculation buoyancy
and gravity force are balanced.

Figure 1. Schematic illustration of the model. The left panel depicts the first key ingredient, i.e. magma blobs and their ability to coalesce. The right panel
shows the second ingredient, i.e. gas vesiculation, within a richer representation that includes the magma chamber, directions of all relevant forces and eruption

phenomena.

where (4 is the inverse of the mean time interval between two successive eruptions, and using Eq. (9) we get the distribution of

the potentially erupted volumes V:
py. (Vo) = BV an

Finally, the joint probability to have a blob of volume V' and an eruption of volume V, =V is

pott o BV
p(V)= WV e Y, 12)
where a = —3/2, T is the gamma function and 8 = pgu/\.

Fig. 2 shows the experimental distribution of the erupted volumes obtained from the Volcano Global Risk Identification and
Analysis Project (VOGRIPA) catalog (Crosweller et al., 2012) fitted (in a x?2 sense) by the red line representing Eq. (12) with
B =5-10"%. This implies that the exponential decay becomes dominant, with respect to the power law term, at 2 - 10> Mm?.

It can be noted that the experimental p(V') is not fitted for V' < 0.7 Mm?. This can be explained by the incompleteness of
the catalog. More precisely, it is reasonable to assume that not all small eruptions (V' < 0.7 Mm?) are reported in the catalog

as many of these are covered by larger ones occurred at later times.
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Figure 2. The experimental distribution of V' (black dots). The red line represents the x? fit using the parameters reported in the text. The blue line is the
distribution of the erupted volumes obtained by the numerical simulations for N = 300 (being this one the best fitting curve in a 2 sense). Here we used the
volume eruptions catalogue of the Volcano Global Risk Identification and Analysis Project (VOGRIPA) (Crosweller et al., 2012) limited to small eruptions.

Another catalogue, including larger eruptions, is provided by the Smithsonian Institution (Venzke, 2013). However we limit ourselves to the first one in order

to avoid mixing of not homogeneous catalogues.

4 Numerical Validation

In order to validate our prediction Eq. (12), we perform extensive numerical simulations adopting molecular dynamics tech-
niques adapted from Brownian motion modeling (Carollo et al., 2023; Semeraro et al., 2023). The model we numerically
explore is based on Brownian dynamics, is reminiscent of (Hunt, 1982) and includes all the ingredients of the theoretical recipe
from Sect. 3. In particular, in Sect. 4.1, we detail the precise model we implemented (Godano, 2026), in Sect. 4.2, we provide
details on numerical integration and mapping to physical units, and finally in Sect. 4.3, we provide a overview of numerical
outputs at the same exemplifying how simulations reproduce experimental data and also providing additional insights on the

model functioning.
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4.1 Model

The setting of our model is a three-dimensional box of side L which contains a viscous magma of density p,, and viscosity 7. In
the box there are IV blobs of magma with larger density pg > p,, which are modeled as diffusing spherical Brownian particles
with radii R;(t), ¢ = 1,..., N. This implements the first ingredient from Sect. 3. Note that blob radii feature a time dependency
as they undergo coalescence phenomena. More specifically, when the distance between the centers of any two blobs, say the
i-th and the j-th, is such that d;;(t) < R;(t) + R;(t), the smaller blob is absorbed by the bigger one. The latter thus acquires
a new radius R (t) such that the total volume of the two original blobs is conserved, i.e. Rj(t) = (R}(t) + R3(t))"/?, whereas
the former is removed. At the same time a new blob is positioned at a random location in the box, so that the total number
of blobs NV is conserved. We remark that this approach enables us to simultaneously account for magma blobs from the
volcanological framework and particle coalescence results (Smoluchowski, 1916; Chandrasekhar, 1943; Hunt, 1982) within a
simplified setting that does not rely on detailed magma chamber specifications. The results presented in the following refer to
the case in which all of new blobs are given an initial radius extracted from a power-law distribution p(R) ~ R~%/? ranged in
the small closed interval [0.1,1.0]. This is a choice of convenience, as this corresponds to introducing new blobs with volumes
distributed according to p(V') ~ V =3/, thus helping to rapidly reach and maintain the stationary configuration prescribed by
(Smoluchowski, 1916; Chandrasekhar, 1943; Hunt, 1982). However, we checked that, apart from small deviations, similar
results concerning the distribution for the erupted volumes are obtained considering new radii with fixed unitary length, or
extracted from a constant distribution, or even from a power-law one with exponent slightly different from —5/2.

The dynamics of the i-th blob in the box is ruled by the following Langevin equation

m; (t)vz (t) =—Y (t)'vi (t) + Fg,i (t) + Fup’i(t) + v/ 2v; (t)kBT 13 (f) s (13)

where m;(t) = V;(t)pa = 4w R3(t)pa/3 is the mass of the blob, v;(t) is its velocity, v;(t) = 67nR;(t) is the Stokes viscous

coefficient, which explicitly depends on the time-dependent radius, kg is the Boltzmann constant, 7" is the system temperature,

N 4 R
Fyi(t) = =Vi(t) Apamgk = —gwR?(t)Apdmgk (14)

is the gravity force pushing blobs downwards (k z-direction versor), and &; () is a Gaussian white noise satisfying (&; ;(t)) =0

and (&.1(t)&,m(t')) = 8;;01m0(t —t') (I, m = z,y, z, dimensional indices). The further term
Fup,z' (t) = ‘/1),1,(75)Ap1;mg'iC (15)

represents a force pushing blobs upwards due to the action of vesicles of density p, accumulating beneath each blob (Apy,, =
Pv — Pm), With V,, ;(¢) total volume of the vesicles under the i-th blob increasing over time. This implements the second
ingredient from Sec. 3. For simplicity, we assume a linear time trend V,, ;(t) = a(¢t — 7v;), where 7y; denotes the birthing
time of the i-th blob. For blobs which have not yet coalesced, this is 0. For coalescing blobs, the larger one driving the
merging phenomenon inherits the 7y ; of the larger colliding blob, while the smaller one is associated a 7y ; extracted from the

exponential distribution p(7y;) = e~ ™/ /7, 7, > 0.
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Due to the large magma viscosity, inertial effects in Eq. (13) can be neglected, thus obtaining the following overdamped

Langevin equation
Yi(t)Ei(t) = Fyi(t) + Fupi(t) + /27 () kpTE:(2) , (16)

with 7;(¢) location of the i-th blob inside the box and 7;(t) = v;(¢). Note that all viscous coefficients are positive, i.e. v;(t) =

6mnR;(t) > 0, thus Eq. (16) can be recast in the following form

k:BT

rl(t) = fg,i(t)+.fup,i(t) + ’Y ( ) €z( ) s a7
where

_Fi(t) 2R ()
foi(t) = ;’i@ =5y —2 Apamgk (18)
and
Fupa(t) = Fows®) _ Voill) x ) or (19)

%D 6mnRAD
Note that the term kgT'/~;(t) in Eq. (17) represents the diffusion coefficient for a single blob without gravity and upwards
forces. The diffusion coefficient thus naturally depends on the inverse of the blob radius, as assumed in Sect. 3. In the following
we actually assume that the viscosity of the magma in the box is very large, so that the gravity force can be neglected. The

Langevin equations we numerically integrate thus become

o kT
7i(t)

The eruption mechanism is implemented in the following way. Whenever a blob, say the i-th, reaches the top face of the

i(t) = fupa(t) + &i(t) - (20)

box, its volume is recorded and the blob is removed. At the same time, a new blob is positioned at a random location, so that
the total number of blobs N is yet conserved, and is associated a radius similarly to the case of coalescence phenomena. All
other faces of the box are instead interpreted as walls of the magma chamber, hence whenever the blob reaches them it simply

bounces back.
4.2 Methods

We perform numerical integration of Eq. (20) through the Euler-Maruyama integrator (Kloeden and Platen, 1992). Actual
implementation was performed by writing our script from scratch in C' including specific subroutines for particle bouncing
on the lateral and bottom box sides, blob eruption and blob coalescence, as well as for introduction of new blobs with radii
extracted from different distributions. Throughout all simulation runs we set the integration timestep at d¢ = 10~ for numerical
stability and fix L = 100, Apym, =1, a = 1074, kgT =1, 671 = 1 and 75 = 1. The radii of new particles introduced following

coalescence and eruption events are sampled from a power-law distribution p(R) ~ R~°/2 bounded within the range [0.1,1.0].
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Together with € = kT and 75, the arbitrary but simple length [ = L /100 = 1 set the reduced energy, time and length units of
our simulations. All other units are obtained as combinations of these. At each timestep we control wether particles bounce
back at lateral and bottom sides of the box or are erupted through the top one. For all choices of N, we initially place the
N particles inside the box at random locations and let the system evolve for 107, i.e for 10* dt. In such a way the system
thermalizes and reaches a stationary configuration, a sample instance of which is reported in Fig. 3 for N = 100. Then, we let
the system evolve for further 5 - 10%7,, i.e. for 5-10° dt, and during this time interval we cumulatively sampled the erupted
volumes, i.e. the volumes of the particles that reached the top of the box. In order to enhance the sampling statistics, we
generated p(1/) distributions by combining data from 100 independent runs for each choice of N. We performed simulation in
serial mode on single core, and each simulation run required 24—72 hours to complete depending on the value of V.

Mapping of reduced units into physical ones is readily obtained. Concerning length, magma chamber have dimensions of
order ~ 10%* m, so [ ~ 102 m. Note that this translates into a factor ~ 107 — 10® in terms of volumes, which is exactly the
order of the factor we used to rescale numerical data in Fig. 2. As for time, eruptions last for days, while blobs are emitted
continuously, so it is reasonable to assume that in case of Strombolian eruptions 7; is of the order of hours. In terms of physical
units, we thus get that 7, ~ 103 s, and that the total simulation time amounts to 5—6 days. However, (Sanchez and Shcherbakov,
2012) showed that the distribution of the time intervals between consecutive eruptions, or intertimes, becomes independent of
the volcanic style when 75 is normalized for the average intertime. Concerning energy, we adopted the convention to set the
Boltzmann constant kg to one. Accordingly, temperature and energy quantities have the same dimensions. As it is a know fact

that lava melts at ~ 10% K, we thus get e ~ 10% K.
4.3 Output

In Fig. 4, we report the distribution of erupted volumes p(V') for different values of N in reduced units. For all values of N,
these share a common trait, i.e. a trend ~ V' ~3/2 over three decades. We remark that all simulations are started and progress
in a stationary configuration. We in fact checked that the shape of the curves shown in Fig. 4 does not change varying the
sampling window. Interestingly, in Fig. 5, we show that, although a similar initial trend, the actual value of N affects the
overall blob-volume-over-box-volume ratio, which increases with /N but remains stationary over time for each V.
Concerning instead the right tail, we observe a cutoff volume after which distributions decrease (essentially) exponentially.
We remark that as N is increased, the probability for the eruption of larger blobs becomes larger. This is in agreement with
the intuitive idea that, as the total number of blobs is increased, these can coalesce more frequently, and thus result in larger
blobs that can be erupted. We also note that the change of trends, from power-law to exponential, occurs for critical values of
volume increasing with IN. As for comparison with experimental data, a visual comparison between Fig. 2 and Fig. 4 already
reveals that numerical and experimental curves are very similar. More quantitatively, in order to compare data directly, we first
transformed numerical data from reduced to physical units, and then compared the resulting curves with the experimental one
from Fig. 2. Here we report a comparison between the experimental curve and the numerical one for N = 300, with which a

good agreement (and best with respect to all values of N examined) is found.

10
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Figure 3. Sample stationary configuration of the model for N = 100. Black lines denote the box edges, while particles are colored from black to white

through red according to their radii. Simulation parameters are detailed in Sec. 4.2.

In Fig.6, we report the distribution of the intertimes 7., i.e. the time intervals between consecutive blob eruptions, for
different values of N. For all values of N, data show a clear decreasing exponential trend, as highlighted by the semi-log
representation. This first remark confirms our assumption of Poissonian distribution for eruption occurrences from Sec. 3. We
remark that the only exception to a monotonous trend is found for /N = 500. As intuitively expected, when the number of
blobs is large enough, small particles reintroduced close to the top of the box can be erupted rapidly and, more importantly,
more frequently (similar comments apply to the case of more intense upward force, see the inset of Fig. 7). Note that, as N

is increased, the slope of the curves reduces, denoting a larger probability for lower 7., values. This is in agreement with the
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Figure 4. Distribution p(V') of the volumes of the erupted blobs for different values of N. The magenta line highlights the trend ~ V=3/2 Simulation

parameters are detailed in Sec. 4.2. Simulation parameters and data here are given in reduced units.

intuitive idea that, as the total number of blobs is increased, these can coalesce more frequently, thus resulting in larger erupted
volumes (see Fig. 4). More quantitatively, we performed fit of our data with the functional form f(7.,) =n e~7e*/7 where n
and 7, are the fit parameters and are respectively interpreted as a normalization constant and a characteristic time for eruptions,
obtaining 7. ~ 3.3, 1.6, 1.1 and 0.5 for N = 100,200, 300 and 500, respectively (the resulting functional form are reported in
Fig.6 as black lines). As expected, our 7. estimates reduce as IV increases. Moreover, we observe that mapping these estimates
into physical units, we obtain a range of characteristic times spanning from about 3 days for N = 100 to about 12 hours for
N =500.

In Fig.7, we instead investigate how varying « in the expression for the linear upward force affects the distribution of erupted
volumes once the number of blobs is fixed at NV = 100. The figure clearly shows that for all « values we investigated, the main
part of the distributions follows a V' ~3/2 trend (see the magenta line) and is essentially unaffected by these changes. We thus
conclude that its shape and trend are only driven by how particles are reintroduced after coalescence and eruption occurrences.
As for the right tail, we instead observe a richer scenario. When « is increased to o = 1073, the right tail decreases faster

than for o = 1074, This effect reflects the fact that in this case blobs are subjected to a more intense upward push and, as
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Figure 5. Time trend of the total blob volume over the total simulation box for different values of N. Black lines report time averages. Simulation parameters

are detailed in Sec. 4.2. Data are averaged over 50 independent runs.

shown by the inset reporting the intertimes distributions, are erupted on average more rapidly (7. ~ 1.25 rather than ~ 3.3).
As a consequence, these have less chances to collide, coalesce and generate larger blobs, hence the lower probability for large
volumes. When « is reduced to oo = 10~° the effect is instead opposite: blobs are erupted on average less frequently (see
inset, 7. ~ 4.7), and thus have more chances to coalesce into larger ones, hence the higher probability for larger volumes.
Interestingly, the overall shape of the distribution in this case closely resembles the ones obtained for larger /N, which in turn
better agrees with experimental data (see Fig. 2 and Fig. 4). We thus conclude that acting on the intensity of the upward-pushing
force by tuning « or changing the number of blobs N in the system produce similar effects as in both cases one interferes with

the likeliness of blobs to collide and coalesce into larger ones.

5 Conclusions

We present a model for volcanic eruptions in open-conduit condition (eg: Strombolian) based on some very simple but realistic
assumptions. In the magma chamber there exist some bodies of denser magma, or blobs, embedded in a less dense and viscous
magma. The viscosity contrasts the gravity of the blobs whose motion is considered diffusive and driven by temperature

gradients and small local convective motion occurring in the embedding fluid. The blobs coalesce upon collision. The eruption
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Figure 6. Distribution p(7er) of the intertimes 7, between consecutive blob eruptions for different values of IN. Black lines report fit performed with the
functional form f(7er) =n e~ Ter/ Te, with n (normalization constant) and 7. (characteristic time) fit parameters. Simulation parameters are detailed in
Sec. 4.2.

are caused by the vesiculation beneath the blobs of gases dissolved in the less dense magma. When the buoyancy force provided
by the vesiculated gases is larger than the combined gravity and viscous forces acting on the blobs, these are pushed upwards
causing an eruption. Eruptions occurrences are assumed to follow a Poisson distribution. On the basis of these assumptions
and the scaling results of Smoluchowski (1916); Chandrasekhar (1943); Hunt (1982), we derive an analytical expression for
the probability distribution of the erupted volumes which agrees very well with observations. Numerical simulations based on
molecular dynamics techniques and including the above assumptions, produce erupted volume distributions in good agreement
with both the analytical and experimental ones, and thus validate our results. In particular, the proposed model accounts for
the observed scaling behavior of the erupted volumes of magma p(V') ~ V —3/2 reported in Papale et al. (2021), and for the
exponential cutoff at large volumes.

Many aspects of volcanic eruption mechanisms, such as interactions with crust, conduit dynamics, and the supply of fresh
magma from depth, are neglected in our model. However, we seek to investigate the statistical consequences of stochastic
coalescence dynamics within the simplest possible framework, without attempting to incorporate the full complexity of magma
transport, dyking processes, viscoelastic crustal response, or transcrustal reservoir connectivity.

We speculate that our model could actually represent the first step towards a more general coarse-grained continuum model
which could account for all explosive styles at once, from effusive to explosive, by fine tuning some general features related to

gas bubbles and vesiculation. This is left to possible future implementation.
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Figure 7. Distribution p(V') of the volumes of the erupted blobs for different values of « in Eq.(19). The magenta line highlights the trend ~ Vv—3/2,
The inset reports the corresponding distribution p(7er) of the intertimes 7, between consecutive blob eruptions. Here black lines report fit performed with

the functional form f(7er) =n e~Ter/Te with n (normalization constant) and 7. (characteristic time) fit parameters. Simulation parameters are detailed in
Sec. 4.2.
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