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Abstract 023

Crystallisation controls magma differentiation, rheology and texture, yet its 024

evolution depends on the coupled effects of thermodynamic disequilibrium, nucle- 025

ation, crystal growth and melt depletion. We present a forward crystallisation 026

framework coupling GALES with alphaMELTS, in which phase affinity and incipient 027

crystal composition are used directly to calculate homogeneous and hetero- 028

geneous nucleation and crystal growth. Nucleation follows classical nucleation 029

theory with stochastic crystal births and a kinetic attachment prefactor governed 030

by mixed diffusion- and interface-controlled processes; growth uses an analogous 031

mixed kinetic formulation. Crystallised material is removed explicitly from the 032
liquid, so that residual-melt evolution continuously modifies the thermodynamic

driving force. 033

The framework is tested against two contrasting experiments. For the initially 034

crystal-free lezzi case (lezzi et al. 2011), homogeneous nucleation precedes het- 035

erogeneous nucleation, and the model reproduces the observed crystallinity, 036

plagioclase composition and main residual-melt differentiation trend. In the 037

slowly cooled Billon G2-2 experiment (Billon et al. 2025), inherited plagioclase 038

provides the substrate for heterogeneous nucleation and no homogeneous nucle- 039

ation occurs along the modelled cooling path. Retaining the kinetic parameters 040

constrained by lezzi and recalibrating only the effective heterogeneous nucleation 041

parameters reproduces plagioclase abundance, crystal number density, nucleation 042

rate and residual-glass composition, although the modelled plagioclase remains 043
more sodic than the measured new-growth rims. In both benchmarks, modelled

crystal-size distributions remain narrower than observed. Rather than consti- 044

tuting only a model limitation, this mismatch provides an additional constraint 832
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on crystal-population evolution, showing that bulk crystallinity, number density
and melt chemistry do not fully determine the textural record. The framework
therefore offers a physically based platform for identifying and testing additional
processes governing crystal growth and post-nucleation evolution.

Keywords: numerical modelling, thermodynamic modeling, crystal nucleation and
growth kinetic, melt depletion, experimental petrology, GALES-MELTS interface

1 Introduction

The physical and chemical processes governing magmatic crystallisation have been
investigated since the foundations of modern igneous petrology (Harker 1909; Bowen
1915, 1928), yet their quantitative description remains a central problem in magma
dynamics (Marsh 2007). Crystallisation determines phase abundance, melt differen-
tiation and crystal texture, while the progressive accumulation of crystals modifies
magma rheology and therefore influences transport, storage and eruptive behaviour. A
predictive treatment must consequently address not only phase stability, but also the
rates at which crystals appear and grow as pressure, temperature and melt composition
change.

Magmatic crystallisation commonly proceeds away from equilibrium. Homogeneous
nucleation can generate crystals in the absence of an effective substrate, whereas het-
erogeneous nucleation takes place on existing interfaces, including crystal surfaces.
Growth then transfers chemical components from the liquid to the solid and changes
the composition of the residual melt. The thermodynamic conditions experienced later
in the crystallisation history therefore depend partly on the crystallisation that has
already occurred. At the same time, undercooling, viscosity, chemical diffusion and
interface-attachment kinetics influence the rates of both nucleation and growth. Coars-
ening, aggregation, Ostwald ripening and morphology-dependent growth may further
modify the crystal population after nucleation. Experiments show that these processes
act together in controlling crystal abundance, size and morphology (Arzilli and Car-
roll 2013; Mangler et al. 2023; Welsch et al. 2023; Peres et al. 2024; Billon et al. 2025;
Lindoo et al. 2025; Musu et al. 2026).

Different observables preserve different parts of this history. Crystal fraction mea-
sures the integrated transfer of mass from liquid to solid, whereas crystal number
density is more closely related to the cumulative nucleation history. Residual-melt
composition records chemical depletion during crystallisation, and crystal composition
constrains the solid phase produced along the evolving thermodynamic path. Crystal-
size distributions (CSDs) contain additional information because crystal size depends
on both the time of nucleation and the duration and rate of subsequent growth. Inter-
preting these quantities separately can therefore obscure the coupling among mass
transfer, thermodynamic evolution and crystal-population dynamics.

Previous work has addressed these aspects at different levels of complexity.
Population-balance theory established the quantitative relationship between CSDs
and nucleation and growth histories (Marsh 1988), while stereological approaches



provided methods for reconstructing three-dimensional crystal populations from two-
dimensional observations (Higgins 2000). Toramaru (1991) developed an early forward
treatment in which homogeneous nucleation, diffusion-limited growth and depletion of
the crystallising component evolve together in a simplified system. Experimental stud-
ies subsequently quantified the dependence of nucleation and growth on undercooling,
time and melt conditions (e.g. Arzilli and Carroll 2013).

Spillar and Dolejs (2013) demonstrated that crystal-size distributions can be
inverted to recover time-dependent nucleation and growth rates. Their analysis showed
that CSDs alone permit multiple combinations of nucleation and growth histories,
whereas combining CSDs with the evolution of crystallinity provides stronger con-
straints on the kinetic rates. In a subsequent three-dimensional numerical study,
Spillar and Dolejs (2015) showed that heterogeneous nucleation can produce crystal
clustering, concave-up CSDs and porphyritic or bimodal textures, and may repre-
sent the dominant nucleation mechanism in natural magmas. These results emphasise
the importance of distinguishing homogeneous from heterogeneous nucleation and of
linking crystal-population statistics to the physical processes governing crystallisation.

More recent models have introduced explicit thermodynamic constraints. SNGPlag
couples MELTS-derived equilibrium crystallinity to define a supersaturation measure
that drives time-dependent plagioclase nucleation and growth (Andrews and Befus
2020; Marshall and Andrews 2023). Huggins et al. (2021) used MELTS-derived chemical
affinity to quantify mineral disequilibrium and the tendency for growth or dissolution
along evolving P-T-t paths. Lindoo et al. (2025) further emphasised the importance
of dynamic undercooling and melt-composition evolution in controlling nucleation,
growth and crystal morphology. Table 1 summarises the principal characteristics of
these approaches.

A remaining difficulty is to evolve thermodynamics and the crystal population
within the same feedback loop. Models based on undercooling or departure from
equilibrium crystallinity can reproduce kinetic crystal populations, but the material
transferred to the crystals is not always used to update the chemical driving force
directly. Conversely, affinity-based calculations quantify instantaneous disequilibrium
but do not, by themselves, determine discrete nucleation events and the resulting
CSD. A forward crystallisation calculation should therefore allow the current ther-
modynamic state to determine nucleation and growth, remove the corresponding
solid composition from the liquid, and use the depleted melt to determine the next
thermodynamic state.

The framework developed here follows this approach by coupling GALES (Longo
et al. 2012; Garg et al. 2018) with alphaMELTS (Smith and Asimow 2005). At each ther-
modynamic update, alphaMELTS supplies phase affinity, incipient solid composition,
molar volume and density for the evolving residual liquid. GALES uses these quantities
to evaluate homogeneous and heterogeneous classical nucleation theory (CNT) rates
and crystal growth. In the nucleation rate, the CNT free-energy barrier is combined
with an attachment prefactor governed by mixed diffusion- and interface-controlled
kinetics; the growth coefficient is treated with an analogous mixed kinetic formulation.
Individual nucleation events are sampled stochastically. Crystal growth then removes
mass from the melt according to the instantaneous solid composition predicted by
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alphaMELTS, after which the modified liquid is returned to the thermodynamic calcu-
lation. Thermodynamic driving force, nucleation, growth, crystal population and melt
chemistry consequently evolve together rather than being prescribed independently.
This is the central feedback implemented in the model.

Two experimental datasets are used to examine different crystallisation regimes.
The lezzi et al. (2011) experiments begin from a strongly superheated, initially crystal-
free andesitic melt and provide the principal constraint on homogeneous nucleation
and growth, followed by heterogeneous nucleation once crystal surfaces develop. The
Billon et al. (2025) G2-2 experiment starts instead with inherited plagioclase crys-
tals and proceeds at a much lower cooling rate. In that case homogeneous nucleation
does not occur along the modelled cooling path; new crystals are produced by het-
erogeneous nucleation on the available plagioclase surfaces. The kinetic parameters
constrained with Iezzi are retained, whereas recalibration for Billon is restricted to
the effective heterogeneous nucleation parameters. Phase abundance, crystal number
density, residual-melt composition, crystal composition and CSD are compared with
the experiments so that thermodynamic, kinetic and population-scale behaviour are
tested independently.

The paper is organised as follows. Section 2 presents the coupled GALES—
alphaMELTS formulation. Section 3 describes the feedbacks between nucleation,
growth, melt depletion, and thermodynamic evolution, while Section 4 introduces the
observables used to constrain the model. Section 5 compares the calculations with the
Tezzi et al. (2011) and Billon et al. (2025) experiments. Sections 6 and 7 present the
discussion and conclusions, respectively.



Table 1: Selected approaches to the analysis and modelling of crys-
tallisation kinetics in magmatic systems. The studies have different
objectives and are not intended as directly competing models.

Study

Approach

Thermodynamic
driving force

Nucleation and
growth

Crystal population
and melt feedback

Marsh (1988)

CSD population-balance
theory

Not explicitly calculated

Nucleation and growth
rates inferred from CSD
characteristics

CSD provides
information on crystal
number, size, growth
history and
crystallisation timescale;
no explicit
melt-composition
evolution.

Toramaru (1991)

Forward kinetic
crystallisation model

Undercooling in a
simplified
two-component system

Homogeneous nucleation
and diffusion-limited
growth

Crystal number and
mean size evolve
dynamically; depletion of
the crystallising
component feeds back on
supersaturation.

Spillar and Dolejs
(2013)

CSD inversion for
time-dependent kinetics

Not explicitly calculated;
crystallinity evolution
used as an additional

Nucleation and growth
rates inferred from CSDs
and crystallinity

CSD and crystallinity
constrain the
reconstructed kinetic

constraint evolution history; no explicit
thermodynamic or
residual-melt feedback.
Continued on next page
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Table 1 — continued from previous page
Study Approach Thermodynamic Nucleation and Crystal population

driving force

growth

and melt feedback

Spillar and Dolejs
(2015)

Three-dimensional
numerical model of
magmatic textures

Gibbs free energy of
crystallisation;
heterogeneous nucleation
lowers the
nucleation-energy barrier

Homogeneous and
heterogeneous nucleation
with crystal growth;
heterogeneous nucleation
progressively increases
with the prescribed
heterogeneous-nuclei
fraction

Crystal textures, CSD
curvature and clustering
evolve explicitly; static
melt composition and
thermodynamic
conditions, with no
residual-melt depletion
feedback.

Higgins (2000)

CSD measurement and
stereological
reconstruction

Conversion of
two-dimensional crystal
measurements to
three-dimensional CSDs,
accounting for crystal
shape and fabric.

Andrews and Befus
(2020)

SNGPlag forward model

MELTS-derived
equilibrium crystallinity
and supersaturation
A¢plag

Time-dependent
nucleation and growth
parameterised as
functions of Agplag

Explicit crystallinity,
crystal number density
and CSD; kinetic
crystallisation reduces
the departure from
equilibrium crystallinity.

Huggins et al. (2021)

Affinity-based
disequilibrium model

MELTS-derived chemical
affinity

Affinity used to evaluate
crystal growth or
dissolution tendency;
nucleation is not
explicitly resolved

No explicit crystal-
population evolution or
residual-melt depletion;
focus on thermodynamic
disequilibrium along
P-T—-t paths.

Continued on next page




Table 1 — continued from previous page

Study

Approach

Thermodynamic
driving force

Nucleation and
growth

Crystal population
and melt feedback

Marshall and
Andrews (2023)

SNGPlag applied to
basaltic andesite

MELTS-derived Adplag

Experimentally
calibrated nucleation and
growth laws

Explicit CSD and
crystal-population
evolution used to
constrain decompression
histories.

Lindoo et al. (2025)

Forward
nucleation—growth model
and experiments

MELTS-derived saturation
and dynamically
evolving instantaneous
undercooling

Time-dependent
nucleation and growth,
including nucleation
delay

Melt-composition
evolution and
polydisperse crystal
populations are
represented; emphasis on
dynamic undercooling
and crystal morphology.

This study

Coupled GALES-MELTS
forward model

Instantaneous MELTS
phase affinity and
incipient phase

Homogeneous and
heterogeneous CNT
nucleation with

Explicit CSD and crystal
population; phase-
specific mass removal

composition stochastic births; mixed updates the residual
diffusion/interface- melt, which modifies
controlled attachment for | subsequent affinity,
nucleation and growth nucleation, growth and
phase composition.
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2 Methods

The crystallisation model couples the kinetic framework implemented in GALES with
thermodynamic calculations performed by alphaMELTS (Smith and Asimow 2005),
as schematically illustrated in Figure 1. GALES resolves the time-dependent evolution
of the crystal population through nucleation and growth, together with the progres-
sive depletion of the residual melt, whereas alphaMELTS provides the thermodynamic
properties of the incipient crystalline phases. The state of the system is described by
temperature T, pressure P, residual-liquid composition X;, solid composition Y;, and
crystal population N;. At time ¢,,, the system is represented by

{r~, P*, X", Y"1, N} 1}
At each thermodynamic update, the subset
{T", P", X'}

is supplied to alphaMELTS, which evaluates the metastable thermodynamic state of
the system and returns, for each potentially crystallising phase, the phase affinity A;,
incipient solid composition Y;*, molar volume V;, ;, and density p;. These thermody-
namic quantities are then transferred to GALES and used to evaluate the nucleation
rate J* and crystal growth rate G}'. The crystal population is consequently updated
from N*~' to NJ*. The mass crystallised during the timestep is removed from the
residual liquid according to the incipient solid composition predicted by alphaMELTS,
yielding the updated liquid composition XZ-"‘H, while the corresponding material is
added to the solid phase Y;". The updated thermodynamic state is then used as the
initial condition for the following timestep t,41.

GALES and alphaMELTS communicate through a persistent TCP/IP client-server
interface. At each thermodynamic update, GALES sends the current temperature,
pressure, and residual-liquid composition to alphaMELTS, which returns the phase
properties required by the kinetic model. This coupling allows the thermodynamic
driving force, phase composition, nucleation, crystal growth, and melt depletion to
evolve consistently throughout the crystallisation history.

Both nucleation and crystal growth are controlled by the thermodynamic driving
force derived from the alphaMELTS phase affinity and by kinetic attachment pro-
cesses. In the present formulation, attachment is described using a mixed diffusion-
and interface-controlled mechanism, in which the two kinetic contributions act as
resistances in series.

For the Iezzi et al. benchmark, thermodynamic calculations were performed using
the standard MELTS thermodynamic model (Ghiorso and Sack 1995; Asimow and
Ghiorso 1998), while for the Billon et al. benchmark, thermodynamic calculations were
performed using Rhyolite-MELTS 1.2.0 (Gualda et al. 2012; Ghiorso and Gualda
2015), both through the alphaMELTS interface (Smith and Asimow 2005).



GALES MELTS / alphaMELTS
Kinetic solver (C++) TCP/IP Thermodynamic engine (Python server)
Sta;te varitablesT at time n client—server coupling > Receive state from GALES
——pp| ° Temperature 7 = ’ s
© Pressure P! . Request (from GALES to MELTS) T, P X]
 Residual melt composition X7* rla
« Crystal population {N;(a)}" E 5 B Xi *
temperature, pressure, A .
Nutioatl dT res(iduai].iquid Cfmposmon) Thermodynamic calculations
ucleation mode (alphaMELTS)
o Classical nucleation theory (CNT) g o~
— 1  Thermodynamic nucleation barrier AG ! * Metastable phase equilibria
e o Mixed diffusion/interface-controlled Response (from MELTS to GALES) e Phase affinities A; (AG)
i Next attachment . - « Incipient phase compositions Y;
time step . Hon;oggneous/hetﬁrogeneous nucleation 8 fhflsé afﬁr}l:ty Aj (AG) . « Molar volumes V,, ;
A o Nucleation rate J; . h:ulplemi) ase ::/(:lmposltlon i « Densities p,
L 2 * Molar vo u:ne o o Liquid and phase thermodynamic
Crystal growth model * Density p; properties
« Diffusion + interface attachment « Other thermodynamic properties J
o Growth rate G]' ? *
o Update crystal sizes and distributions
L 2 Send thermodynamic properties
P and mass bal. to GALES
* Create new cohorts (stochastic births) ALY, V,,Mv, Pis - -
* Grow existing crystals J
» Remove oxide masses from melt
» Update residual melt X7+! )
>,

2

Phase fractions, residual liquid composition, phase compositions, and crystal size distributions (CSD).

Outputs: forward evolution of the magmatic system

Fig. 1 Schematic representation of the GALES—alphaMELTS coupling. At each thermodynamic update,
temperature, pressure, and residual-liquid composition are transferred from GALES to alphaMELTS.
alphaMELTS returns the affinity, composition, molar volume, and density of the incipient crystalline
phases. These quantities determine the nucleation and growth rates in GALES, which update the
crystal population and the mass transferred from the melt to the solid. The resulting residual-liquid
composition is then used for the subsequent thermodynamic update.

Nucleation is controlled by a CNT free-energy barrier determined by the thermo-
dynamic driving force and crystal-liquid interfacial energy, whereas both nucleation
and growth depend on mixed diffusion- and interface-controlled attachment kinetics.

2.1 Nucleation rates

Nucleation is represented through both homogeneous and heterogeneous mechanisms.
Homogeneous nucleation provides the reference CNT mechanism in the absence of an
effective substrate, whereas heterogeneous nucleation occurs on pre-existing surfaces
and generally involves a reduced nucleation barrier. In the present model, such surfaces
may either be inherited from the initial condition, as in the Billon et al. experiments,
or generated dynamically by crystals formed during the simulation. Both mechanisms
share the same mixed diffusion/interface-controlled attachment kinetics, while hetero-
geneous nucleation differs through an effective reduction of the CNT barrier and its
dependence on the available crystal surface area.

The nucleation barrier depends on the magnitude of the thermodynamic driving
force derived from the alphaMELTS affinity A and the molar volume V,,. For CNT
calculations, the volumetric driving-force magnitude is defined as:
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2.1.1 Homogeneous nucleation rate

Classical nucleation theory describes crystal formation as the competition between
the volumetric thermodynamic driving force for crystallisation and the energetic cost
associated with formation of a crystal-liquid interface (Turnbull and Fisher 1949;
Kashchiev 2000; Kelton and Greer 2010). This framework has been extensively applied
to nucleation in silicate melts and glasses (Hammer 2004; Fokin et al. 2006).

Following classical nucleation theory, the steady-state homogeneous nucleation rate
is written as (Turnbull and Fisher 1949; Kashchiev 2000; Kelton and Greer 2010):

AGT
om = NoZ + _ ~“~"hom 9
Jh 0Zf exp( knT ) (2)

where Ny = Na/V,, is the number density of potential nucleation sites, N is the
Avogadro number, Z is the Zeldovich factor, and fT is the attachment frequency
at the critical nucleus. AGf,,, is the Gibbs free-energy barrier associated with the
formation of a critical nucleus with critical radius:

. 2y
r* = AGONT- (3)

The homogeneous nucleation barrier is thus:

" 16773
AGrom = 3(AGONTYZ' (4)

where ~y is the liquid—crystal interfacial energy.

Since AG},,, contains the cubic v and the inverse square of affinity, and since
AGy, ., appears inside the exponential function, the dependence of nucleation rate on
the interfacial energy and affinity is critical. Even small changes in v and A may lead

to enormous changes in J.
| Ap
Z =4—— 5
67TkBT’I‘L* ( )

The Zeldovich factor Z is:
where Ay = |A|/Na, and n* = (4/37(r*)3 /vg) with vg = v,,/Na is the number of
structural units in the critical nucleus.

Crystal attachment can be limited either by transport through the liquid or by
reactions at the crystal-melt interface, with their relative importance varying with
temperature, undercooling and melt properties (Kirkpatrick 1975, 1981; Muncill and
Lasaga 1988).

The mixed diffusion/interface attachment frequency to critical nucleus f¥ is thus:
47 (r*)?
f+ = (3 ) keff,nuc (6)
a’nuc
where:

10



v 1/3
Anuc = (]VA) (7)

is the characteristic molecular length for nucleation or nucleation structural-unit
length.

ke nue is the coefficient representative of the mixed contributions of diffusion
kaifinue and interface-controlled regime Kingnuc. Here, the two contributions are
represented as sequential kinetic resistances:

1 1 1

= + .
keff,nuc kdiff,nuc kint,nuc
The diffusion attachment coeflicient Eqif nuc is:

(®)

D
kdiff,nuc B (9)

Gnuc
The diffusivity of structural units in the melt D is estimated from the Stokes—
Einstein relation (Einstein 1905; Sutherland 1905), which provides an approximate
connection between molecular mobility and melt viscosity:
p— el (10)
6mNane
where 7 is the melt viscosity, calculated following Giordano et al. (2008), and @y
is the characteristic length scale associated with the diffusing structural unit. The use
of the Stokes—Einstein relation at molecular scales in multicomponent silicate melts
represents an effective approximation of transport kinetics (e.g. Mungall 2002).
The interface-controlled attachment coefficient King nuc is:

kint,nuc = Gnuc Ynuc €XP <_ Q];;f) (11)

where vy, represents the characteristic frequency at which structural units at the
melt-nucleus interface attempt to cross/attach to the crystalline structure, while the
Arrhenius term exp(—Qunue/RT) gives the fraction of those attempts that can overcome
the interface-attachment activation barrier.

2.1.2 Heterogeneous nucleation rate

Heterogeneous nucleation is represented through the classical reduction of the nucle-
ation barrier produced by a pre-existing substrate (Turnbull 1950; Fletcher 1958;
Kelton and Greer 2010). In the present formulation this effect is represented by an
effective barrier-reduction factor ¢pet,

AGhe; = Inet AGhom (12)
The heterogeneous nucleation rate reads:
AGY
Jhet = NoZ [T exp <—k;ft> (13)
B
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where Z and fT are expressed as in the homogeneous nucleation rate (Egs. (5)
and (6)). In particular, the attachment frequency f* is governed by mixed
diffusion/interface-controlled kinetics. Unlike the homogeneous case, the density of
active sites Ny (vs Ny in homogeneous nucleation) is the density of active sites on the
existing crystal surface:

fsite

2
nuc

N, = (14)

where fgite is the active-site fraction.
Therefore, fste controls how many sites can nucleate, while ¢y controls how easy
nucleation is at those sites.

2.1.3 Distribution of new nuclei

The nucleation rates derived above define the expected frequency of nucleation events,
but they do not imply that a deterministic, non-integer number of crystals forms
during each timestep. Nucleation is instead a discrete stochastic process: individual
nuclei appear as separate events, and even under identical thermodynamic conditions
the exact number formed during a finite time interval may vary between otherwise
equivalent realisations. The model therefore converts the continuous nucleation rate
into an integer number of newly formed nuclei through Poisson sampling.

For homogeneous and heterogeneous nucleation, the expected number of events in
an element during one timestep is given by:

>\h0m = JhomVAt (15)
)\het = JhetAhetAt (16)

since the homogeneous nucleation rate states how many crystals form per unit
volume V', while heterogeneous nucleation deals with nucleation per available unit
area Anet.

The quantity A is therefore the mean number of nucleation events expected within
the considered spatial region and timestep. The realised number of physical nuclei is
sampled from a Poisson distribution,

Npue ~ Poisson()\), (17)
with probability mass function
)\k -
P(Nnuc:k):%7 k:0,172,.... (18)

The Poisson distribution is appropriate because nucleation is represented as a
sequence of discrete events occurring with a locally defined mean rate. Over a suf-
ficiently short timestep, the thermodynamic and kinetic state of an individual finite
element can be regarded as approximately constant, so that the probability of a nucle-
ation event is governed by the instantaneous nucleation rate. In addition, nucleation
events are treated as statistically independent over that interval, conditional on the

12



current thermodynamic state and available substrate. Under these assumptions, the
number of events occurring within a fixed space—time interval follows a Poisson process.

This formulation has several useful properties. First, the expected value of the
sampled number is

E[Nnuc] = A, (19)
so that the deterministic CN'T nucleation rate is recovered when many statistically
independent realisations are averaged. The variance is also

Var(Nowe) = A, (20)

which introduces the physically expected fluctuations in the number of nuclei pro-
duced during finite intervals. When A < 1, most timesteps generate no nucleus and
occasional timesteps generate one, reproducing the intermittent character expected
when nucleation is rare. As A increases, multiple nuclei can form within the
same timestep and the relative magnitude of the stochastic fluctuations decreases
approximately as 1/v/\.

The Poisson treatment therefore separates two aspects of the model: CNT and the
attachment kinetics determine the expected nucleation intensity A, whereas stochastic
sampling determines the particular integer number of crystals realised in an individ-
ual simulation. Different random-number seeds consequently produce slightly different
crystal populations even when all thermodynamic and kinetic parameters are identi-
cal, while the ensemble-averaged population converges toward that predicted by the
underlying nucleation rate.

2.2 Growth rate

The thermodynamic dependence of the growth rate is expressed through an affin-
ity term consistent with transition-state/irreversible thermodynamic descriptions of
mineral reaction kinetics (Lasaga 1981, 1998), while the kinetic coefficient accounts
for transport and crystal-melt interface attachment (Kirkpatrick 1981; Muncill and
Lasaga 1988):

G = ket grow {1 — exp (;Tﬂ (21)

where Kef,grows Kdiff,grow and FKing grow are analogous to the nucleation rate ones
(Egs. 9- 11), but with appropriate coefficients dgrow, Vgrow and Qgrow representative
of macroscopic crystal growth.

The increase in crystal radius during one timestep is:

AR = GAt (22)

2.3 Probabilistic ensemble

Because crystal nucleation is treated stochastically, the calibrated simulation was
repeated for 20 independent random-number seeds. All thermodynamic, kinetic, and
numerical parameters were kept identical among realisations, so that differences
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between runs reflect only the stochastic sampling of homogeneous and heterogeneous
nucleation events. Ensemble means and sample standard deviations were calculated
for the principal model outputs, including phase fractions, crystal population, nucle-
ation temperatures, phase compositions, residual-liquid chemistry, and crystal-size
distributions. The ensemble therefore provides a test of whether model-experiment
agreement is a robust consequence of the calibrated physical formulation or depends
on a particular stochastic realisation.

AT use statement

Large language models (LLMs) were used for Al-assisted copy editing of author-
generated text, including checks for grammar, spelling, punctuation, and tone. LLMs
were also used to assist in digitising crystal-size distribution (CSD) data from pub-
lished figures in Iezzi et al. (2011). All scientific reasoning, model development,
numerical analysis, interpretation, and conclusions were performed and verified by the
authors, and the digitised CSD data were checked against the original publications.

3 Feedback during crystal evolution

Crystallisation in the present model results from the continuous coupling between ther-
modynamic driving force, nucleation, crystal growth, and the progressive evolution
of the residual melt. Thermodynamics determines whether crystallisation is favor-
able, the magnitude of the driving force, and the composition of the incipient solid
phase. The actual mass transferred from liquid to crystals during a timestep is then
determined kinetically through the combined effects of nucleation and growth.

The crystallised mass and crystal population are therefore dynamically coupled.
An increase in nucleation rate J produces a larger number of crystals per unit volume,
Ny, and consequently a larger population of crystals available for subsequent growth.
Conversely, a lower nucleation rate generates a smaller crystal population. Because all
crystals draw material from the same evolving residual melt, changes in the number of
nuclei modify how the crystallised material is distributed among individual crystals.
A high nucleation rate tends to divide the available crystallised mass among many
crystals, whereas a low nucleation rate concentrates the transferred mass into a smaller
number of growing crystals. As a consequence, high nucleation rates produce more
abundant smaller crystals, while low nucleation rates generate less abundant larger
crystals.

Nucleation is also coupled to the evolving thermodynamic state of the melt through
the thermodynamic driving force. Once nucleation begins, the newly formed crys-
tals subsequently grow and remove from the liquid the components required by the
incipient solid phase. This progressive chemical depletion modifies the residual-melt
composition and, consequently, the affinity of the phase during subsequent timesteps.
In the adopted convention, crystallisation is favoured for negative affinity; therefore,
as crystallisation proceeds, the affinity generally shifts toward less negative values
and may eventually approach zero or become positive. The corresponding decrease in
supersaturation reduces the volumetric driving force for crystallisation, which increases
the critical nucleation barrier and suppresses the nucleation rate. At the same time,
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the reduced thermodynamic driving force also decreases the crystal growth rate. Crys-
tallisation therefore generates a negative feedback on its own kinetics: nucleation and
growth progressively modify and deplete the residual melt, reducing the thermody-
namic driving force for further nucleation and growth. This feedback contributes to the
self-limiting evolution of the crystal population and couples the instantaneous kinetic
response to the preceding crystallisation history.

The progressive increase in crystal surface area promotes heterogeneous nucleation
by providing additional substrate and increases the total crystal-melt interface avail-
able for growth. This produces a positive kinetic feedback: as crystals grow and new
crystals form, the available surface area increases, promoting further heterogeneous
nucleation and increasing the total growth capacity of the crystal population. The
linear growth rate of an individual crystal, however, remains controlled by the local
thermodynamic and kinetic conditions. At the same time, crystallisation removes oxide
components from the melt and drives the phase affinity toward less negative values,
reducing the thermodynamic driving force and ultimately suppressing both nucleation
and growth.

An additional feedback arises when more than one crystalline phase forms from the
same melt. Because all phases draw their components from a common residual liquid,
crystallisation of one phase modifies the melt composition experienced by the others.
This compositional change alters their thermodynamic affinities and therefore their
subsequent nucleation and growth rates. As a consequence, the evolution of each phase
is not independent: crystallisation of one phase can either promote or suppress the
crystallisation of another, depending on how the shared melt composition is modified.
The interaction is reciprocal, so the development of one crystalline population can
influence the thermodynamic and kinetic evolution of the others, and vice versa.

In cooling-induced crystallisation, the evolution of the nucleation rate reflects
the competition between two opposing effects. Progressive cooling generally increases
supersaturation and strengthens the thermodynamic driving force for crystallisation,
thereby promoting nucleation. At the same time, nucleation and subsequent crys-
tal growth remove from the melt the components incorporated into the crystallising
phase. This compositional depletion shifts the phase affinity toward less negative
values, reducing the thermodynamic driving force and consequently suppressing fur-
ther nucleation. The resulting nucleation history therefore emerges from the balance
between the positive effect of continued cooling and the negative feedback associated
with progressive melt depletion.

The simulations show that homogeneous nucleation does not begin immediately
at the MELTS saturation temperature, but only after a finite degree of undercooling
has developed. During this interval, the affinity becomes progressively more negative
and the magnitude of the thermodynamic driving force increases. Consequently, the
critical nucleation barrier decreases, leading to a rapid increase in the homogeneous
nucleation rate once nucleation becomes kinetically accessible. This produces a short
nucleation burst rather than an immediate response at the saturation temperature.
The resulting increase in crystal number, followed by rapid crystal growth, enhances
the removal of the incipient-phase components from the melt. The associated com-
positional depletion shifts the affinity back toward less negative values, reduces the
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thermodynamic driving force, increases the nucleation barrier, and therefore rapidly
suppresses further nucleation. Homogeneous nucleation thus exhibits a self-limiting
feedback: undercooling initially strengthens the driving force and triggers a nucleation
burst, whereas the crystallisation induced by that burst progressively modifies the
melt and inhibits subsequent nucleation.

The strong coupling among thermodynamic driving force, nucleation, crystal
growth, melt depletion, and the evolving crystal surface area makes direct calibra-
tion of the complete model against a laboratory experiment inherently non-trivial.
Because several parameters influence different, and sometimes overlapping, aspects
of the crystallisation history, a hierarchical calibration strategy is more appropriate
than attempting to constrain all parameters simultaneously. The model is therefore
calibrated incrementally against progressively more complex subproblems: homoge-
neous nucleation is constrained first, followed by crystal growth and, where relevant,
heterogeneous nucleation and multiphase interactions. This stepwise procedure allows
the contribution of each kinetic process to be isolated as far as possible and pro-
vides a clearer connection between individual model parameters and the experimental
observables used to constrain them.

4 Constraining variables

The experimental observables used to evaluate and calibrate the model constrain
different components of the coupled thermodynamic—kinetic formulation. No single
observable uniquely determines one model parameter; rather, the simultaneous repro-
duction of several independent quantities progressively restricts the range of physically
acceptable model behaviour. The principal constraining variables considered here are:

® saturation temperature;

® nucleation temperature;

® crystal volume fraction;

® crystal number density;

® residual-melt composition;
® crystal composition;

® crystal-size distribution.

The saturation temperature primarily constrains the thermodynamic description of
phase stability. It corresponds to the conditions at which the thermodynamic driving
force for formation of a given phase emerges, i.e. where its affinity approaches zero and
changes sign. The interfacial energy v does not determine the thermodynamic satura-
tion temperature. Instead, through its contribution to the classical nucleation barrier,
it controls the degree of undercooling required before nucleation becomes kinetically
significant. Consequently, the difference between the thermodynamic saturation tem-
perature and the temperature at which crystals actually begin to nucleate provides
a constraint on the kinetic nucleation formulation, particularly on v, Quuc, and the
associated attachment kinetics.
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The final crystal volume fraction, ¢, primarily constrains the integrated mass
transfer from liquid to solid produced by nucleation and growth over the entire crys-
tallisation history. It does not uniquely constrain the number of crystals involved in
that transfer. Two simulations may therefore produce similar final crystal fractions
while generating very different crystal number densities and characteristic crystal sizes.

The crystal number density, Ny, provides a more direct constraint on the integrated
nucleation history. It records the total number of crystals generated per unit volume
and is therefore sensitive to the magnitude and duration of the nucleation rate. In the
present formulation it consequently constrains parameters controlling homogeneous
and heterogeneous nucleation, including v, Qunuc, Pnet, and fste, depending on the
dominant nucleation mechanism. Nevertheless, Ny contains limited information about
when individual crystals formed: similar final number densities can result from different
temporal nucleation histories.

The residual-melt composition provides an independent constraint on the mass-
balance and thermodynamic evolution of the coupled system. Because crystals
continuously remove oxide components from the liquid according to the incipient phase
compositions returned by alphaMELTS, the final melt composition integrates both the
total amount of crystallisation and the chemical composition of the material trans-
ferred to the solid throughout the cooling history. Agreement with the experimentally
measured residual glass therefore tests whether the model correctly reproduces the
cumulative chemical depletion of the melt and its feedback on phase affinity and subse-
quent crystallisation. It is not primarily a constraint on crystal number: substantially
different nucleation histories may produce similar residual-melt compositions if they
result in comparable total mass and chemical partitioning into the crystalline phases.

The crystal composition provides a complementary constraint on the thermody-
namic description of the solid phase. At each thermodynamic update, alphaMELTS
determines the composition of the incipient crystal in equilibrium with the instanta-
neous residual melt. Comparison with measured crystal compositions therefore tests
whether the model correctly predicts the chemical partitioning between melt and
crystal along the evolving thermodynamic trajectory. In particular, comparison with
experimentally measured crystal rims provides a constraint on the instantaneous com-
position of newly formed or growing crystal material. A systematic mismatch in crystal
composition despite agreement in residual-melt composition may therefore indicate
limitations in the thermodynamic prediction of the solid composition or kinetic dise-
quilibrium during crystal growth, rather than an incorrect melt-evolution path alone.
This distinction is illustrated by the Billon benchmark, where the modelled residual
glass agrees closely with the experiment whereas the modelled plagioclase remains
systematically more sodic than the measured rims.

The crystal-size distribution (CSD) provides the most integrated constraint
because it records the combined effects of nucleation timing and subsequent crystal
growth. Crystals that nucleate early experience a longer interval of growth and can
populate the large-size tail of the distribution, whereas crystals nucleated later remain
comparatively small. A narrow nucleation interval therefore tends to generate a nar-
rower range of growth durations, whereas a broader nucleation history may generate
a wider CSD.
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Consequently,

Tsat—thermodynamic phase stability,

Tsat — Thuc—kinetic nucleation barrier and attachment kinetics,

¢p—integrated crystallised mass,

Ny —integrated nucleation history,

X melt—mass balance and residual-melt thermodynamic trajectory,
Yerystai—thermodynamic phase composition and possible kinetic disequilibrium,
CSD—combined temporal history of nucleation and growth.

These observables are therefore complementary. Agreement in crystal fraction
alone does not demonstrate that nucleation is correctly reproduced, because the same
crystallised mass can be distributed among very different numbers of crystals. Simi-
larly, agreement in both ¢ and Ny does not guarantee reproduction of the observed
CSD, because the timing of nucleation and subsequent growth histories may still dif-
fer. Residual-melt and crystal compositions add independent chemical constraints:
the former tests the integrated chemical depletion and mass balance of the evolv-
ing melt, whereas the latter tests the composition of the solid predicted along that
thermodynamic trajectory. Simultaneous comparison of phase abundance, crystal
number density, melt and crystal compositions, and CSD therefore provides a pro-
gressively more stringent test of the coupled thermodynamic and kinetic description
of crystallisation.

5 Test against laboratory experiments

The crystallisation model was tested against two independent experimental datasets
characterised by well-controlled and complementary initial and thermal conditions.
The experiments of Tezzi et al. (2011) and Billon et al. (2025) were selected because
they are nominally anhydrous, thereby avoiding the additional complexity introduced
by dissolved HyO, which strongly affects phase stability, melt viscosity, diffusivity, and
therefore both nucleation and growth kinetics. They also provide the main observables
required for a comprehensive model comparison, including crystallinity, crystal num-
ber density, nucleation behaviour, residual-melt composition, crystal composition, and
crystal-size distribution.

The experiments of lezzi et al. (2011) represent dynamic crystallisation from an
initially crystal-free and strongly superheated andesitic melt. The starting material
was held well above the liquidus before cooling, and the experiments showed that
plagioclase and Fe—Ti oxides initially nucleated homogeneously, followed by hetero-
geneous nucleation as crystallisation progressed. In contrast, the Billon et al. (2025)
experiments started from a melt containing a statistically significant population of
inherited plagioclase seeds after the 1190 °C pre-treatment and were subsequently
cooled at only 3 °C h™!, providing a complementary test dominated by crystal growth
and heterogeneous nucleation on pre-existing surfaces.
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The Iezzi et al. experiment was used as the primary calibration benchmark for the
homogeneous nucleation and growth formulation, together with the effective heteroge-
neous nucleation parameters appropriate to an initially crystal-free melt. The Billon et
al. experiment was subsequently used to test the transferability of the kinetic param-
eters constrained against Iezzi under a contrasting, inherited-seed-dominated initial
condition. The CNT attachment and growth parameters calibrated against lezzi et
al. were retained unchanged, whereas recalibration was restricted to the two effec-
tive heterogeneous nucleation parameters, ¢ne; and fsite. No homogeneous nucleation
occurred during the modelled Billon cooling path.

Other crystallisation experiments were not selected for this first validation because
many involve hydrous or decompression conditions, introducing additional coupling
among volatile solubility, exsolution, phase stability and transport properties, or
because they do not provide the same complete set of observables needed to constrain
the different components of the model simultaneously.

5.1 Iezzi et al. experiment

The Iezzi et al. experiment is particularly suitable for constraining the onset of
homogeneous nucleation because cooling starts from a strongly superheated, initially
crystal-free melt, with no experimental evidence for preferential nucleation on the
container walls or bubble surfaces. It therefore provides a suitable benchmark for the
transition from primary homogeneous nucleation to subsequent heterogeneous nucle-
ation on newly formed crystal surfaces. The 0.5 °C/min, 1100 °C experiment is selected
because it provides a comparatively simple crystallisation regime dominated by pla-
gioclase and Fe—Ti oxides in a residual glass, before the appearance of clinopyroxene
and the stronger intergrowth/coarsening observed at lower temperatures. Faster cool-
ing experiments are more strongly affected by disequilibrium crystallisation, whereas
slower cooling and lower-temperature runs involve increasingly important coarsening
and multiphase interactions not represented in the present model.

The interaction between plagioclase and Fe—Ti oxides requires separate modelling
of nucleation and growth for each phase. Plagioclase is allowed to nucleate both homo-
geneously and heterogeneously, while Fe—T1i oxides have only homogeneous nucleation.
Although Iezzi et al. also report a transition from homogeneous to heterogeneous
nucleation for Fe—Ti oxides, heterogeneous oxide nucleation is not explicitly repre-
sented here. Because Fe—Ti oxides constitute only a minor crystalline fraction in the
selected 1100 °C benchmark, their treatment is restricted to the primary homogeneous-
nucleation stage, while the heterogeneous nucleation formulation is constrained using
the much larger plagioclase population.

The calibration was performed hierarchically, with different parameters con-
strained primarily by different experimental observables rather than by a simultaneous
unconstrained fit of all parameters. Table 2 reports the best values of the param-
eters describing the nucleation and growth rates. The plagioclase interfacial energy
Yplag = 0.0445 J m~?2 was selected from sensitivity tests to obtain a homogeneous
nucleation intensity and crystal population compatible with the 1100 °C Iezzi exper-
iment. Because the CNT barrier depends on 72, this parameter mainly controlled
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the onset and magnitude of primary homogeneous nucleation. The nucleation acti-
vation energy Quue = 285 kJ mol™! was subsequently retained to preserve this
homogeneous-nucleation benchmark, whereas the growth activation energy Qgrowth
was tested independently to control the integrated post-nucleation growth, with crys-
tal size, CSD position and final plagioclase fraction used as the principal constraints.
Tests with lower Qgrowth values modified growth rates but did not recover the exper-
imentally observed large-crystal tail, and the baseline value of 285 kJ mol~! was
therefore retained. For Fe-Ti oxides, the interfacial energy vper; = 0.46 J m~2 was
used to regulate homogeneous oxide nucleation and to obtain the minor Fe-Ti abun-
dance observed at the 1100 °C endpoint. In contrast, Qper; = 267 kJ mol~! should
not be regarded as an independently fitted experimental parameter; it was chosen as a
first physically motivated sensitivity value such that interface and diffusion attachment
rates were comparable near the modelled Fe—Ti nucleation onset.

Once the homogeneous nucleation and growth parameters were fixed, the hetero-
geneous plagioclase parameters were calibrated against the experimentally inferred
transition from homogeneous to heterogeneous nucleation and against the resulting
crystal population. The barrier reduction factor ¢pet controlled whether heterogeneous
nucleation could develop without overwhelming the primary homogeneous popula-
tion. Values substantially below 0.60 produced excessive or runaway heterogeneous
nucleation, whereas ¢ney = 0.6 preserved the homogeneous-first sequence and the
experimentally consistent total crystallinity. At fixed ¢ner, the active-site fraction
fsite primarily controlled the relative number of secondary heterogeneous nuclei. The
adopted value fsie = 0.003 increased the heterogeneous contribution while retaining
the bulk crystal fraction and provided the lowest CSD shape error among the tested
¢net = 0.6 cases. The final homogeneous and heterogeneous rates are reported in
Figure 2.
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Fig. 2 Effective homogeneous and heterogeneous plagioclase nucleation rates as a function of temper-
ature for the Iezzi et al. benchmark calculations. Because homogeneous and heterogeneous nucleation
are intrinsically expressed with different dimensional rates, Jyom [m™3s7!] and JA, [m=2s71],
respectively, both mechanisms are converted to an equivalent volumetric rate to allow direct compar-
ison. For each timestep, the effective rates are calculated as

JeH _ Ze Ahom,e Jeff Ze )‘het,e

hom — AtZeVe’ het_AtZevea

where V¢ is the element volume, Ahom,e = Jhom,e VeAt is the expected number of homogeneous nuclei,

A

and Anet,e = Jio o Aplag,e At is the expected number of heterogeneous nuclei formed on the available

plagioclase surface Aplag,.. Thus, Jﬁgt represents the surface-controlled heterogeneous nucleation

contribution expressed per unit magma volume and can be directly compared with the homogeneous
contribution. The plotted quantities represent expected nucleation rates rather than the stochastic
number of nuclei actually realised by Poisson sampling at each timestep. Shaded regions indicate
the 2.5-97.5 percentile range among stochastic realisations, whereas the lines represent the ensemble
mean.

The remaining quantities in Table 2 were not treated as free calibration parame-
ters. The attempt frequencies were fixed at 102 s~! as atomic-scale prefactors, ayue
for plagioclase was calculated from the MELTS molar volume, agrow = 3 X 10719 m was
adopted as a molecular jump length, and mixed diffusion—interface attachment was
imposed as the kinetic formulation. The heterogeneous substrate was the dynamically
resolved plagioclase surface area, so that heterogeneous nucleation increased naturally
as crystal surface developed. Finally, L/D.q = 2.537 was solely a post-processing con-
version used to compare the equivalent-volume model crystals with the experimentally
measured long-axis CSD and did not influence the simulated crystallisation kinetics.
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Table 2 Parameters adopted in the calibrated Iezzi reference model. Parameters used as calibration
variables are distinguished from fixed modelling parameters and geometrical post-processing quantities.
The calibration experiment corresponds to cooling at 0.5 °Cmin~! from 1300 to 1100 °C under air
conditions. Heterogeneous nucleation parameters are effective model parameters rather than directly
measured experimental quantities.

Parameter Symbol  Plagioclase Fe-Ti oxide
Interfacial energy o 0.0445 Jm—?2 0.46 Jm~—2
Nucleation activation energy Qnuc 285 kJmol—1 267 kJ mol—1
Growth activation energy Qgrow 285 kJ mol ! 267 kJmol !
Nucleation attempt frequency Vnuc 1.0 x 1013 g1 1.0 x 1013 g1
Growth attempt frequency Vgrow 1.0 x 1013 s~ 1 1.0 x 10%3 s—1
Nucleation structural-unit length Anuc (Vim /NA)l/3 3.0x 10719 m
Growth jump length Ggrow 3.0x10710m 3.0x10710m
Attachment regime kot mixed diffusion—interface mixed diffusion—interface
Heterogeneous barrier factor Ghet 0.60 disabled
Active heterogeneous site fraction  fsite 0.003 disabled
Heterogeneous substrate — resolved plagioclase surface  none

CSD long-axis conversion L/Deq 2.537 1

Redox condition fO2 air air

The 20 stochastic realisations yield a mean total crystal fraction of 12.30+1.24
vol.%, consisting of 10.72+0.98 vol.% plagioclase and 1.5740.26 vol.% Fe-Ti oxide, in
good agreement with the experimental crystallinity of 1341 vol.%. The final plagio-
clase composition is also stable among realisations (Anzg gs+0.03) and remains within
the experimental range (Figure 3). In all simulations, plagioclase nucleation initiates
homogeneously and is followed by heterogeneous nucleation, with homogeneous nuclei
accounting for 92.48+0.28% of the final crystal number. In contrast, the absolute
plagioclase population exhibited substantially larger stochastic variability, with a coef-
ficient of variation of approximately 35%, demonstrating that stochastic nucleation
primarily affects crystal number rather than final crystallised volume.
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lezzi 1100 °C plagioclase composition

Bl |ezzi et al. (2011), representative
801 B GALES, 20-seed mean = 1 SD
T Reported 1100 °C An range

Feldspar endmember (mol.%)

An Ab Or

Fig. 3 Comparison between the plagioclase composition measured by lezzi et al. (blue) and the
present computations (orange).

The residual-liquid composition provides an additional independent constraint on
the chemical evolution and mass balance of the model. For the experiments cooled at
0.5°Cmin~! and quenched at 1100°C, the two replicate runs of lezzi et al. (2011)
yield a pooled mean residual-glass composition of 60.18 wt.% SiOs, 0.57 wt.% TiOg,
16.32 wt.% Aly03, 6.97 wt.% Fey03, 0.16 wt.% MnO, 3.80 wt.% MgO, 6.48 wt.%
Ca0, 2.79 wt.% NagO, 2.31 wt.% K50 and 0.19 wt.% P505. The corresponding
20-realisation GALES ensemble gives 61.11+0.44 wt.% SiO2, 0.68+0.01 wt.% TiO,
15.74+0.10 wt.% AlyO3, 6.11£0.35 wt.% Feo0357, 0.208+0.004 wt.% MnO, 4.33+0.01
wt.% MgO, 7.024+0.04 wt.% CaO, 2.45+0.00 wt.% NaO, 2.244+0.03 wt.% KO and
0.173+0.003 wt.% P205 (Figure 4). The model therefore reproduces the first-order
residual-melt composition and direction of chemical evolution, although systematic
oxide-specific offsets remain. In particular, the calculated melt is systematically richer
in SiO9, MgO and CaO and poorer in AlyOg3, total Fe and NayO than the experimen-
tal glass. The overall compositional RMSE is approximately 0.51 wt.%. Because the
inter-realisation variability is small relative to most of these model experiment dif-
ferences, the residual-liquid discrepancies are predominantly systematic rather than a
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1014 consequence of stochastic nucleation. For consistency with Iezzi et al., who report all
1015 iron as Fes O3, the modelled FeO and Fes O3 contributions are combined and expressed
1016 as FeyO3-equivalent.
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1038 Fig. 4 Comparison between the residual melt composition measured by Iezzi et al. (blue) and the
present computations (orange).

1039

1040

1041 The crystal-size distribution provides a more stringent test of the coupled
1042 nucleation—growth history. The experimental CSD of Iezzi et al. (2011) for the
1043 0.5°Cmin~!, 1100°C run was digitized from their Fig. 8 and compared with the
1044 20-realisation GALES ensemble after conversion of the modelled equivalent-volume
1045 diameter to the experimental long-axis dimension using L/Deq = 2.537 (Figure 5).
1046 Because the absolute normalisation of the digitized experimental CSD is uncertain, the
1047 comparison is performed primarily on CSD shape after applying a constant vertical
1048 offset to the modelled distribution. The comparison therefore evaluates the distribu-
1049 tion of crystal sizes but is not used to validate the absolute crystal number density.
1050 The model reproduces the presence of a dominant population of small to intermediate
1051 plagioclase crystals, but the simulated distribution is systematically narrower than the
1052 experimental one and does not reproduce the coarse-crystal tail. The mean maximum
1053 modelled long axis is 109.9 + 6.9 um, whereas the experimental population extends to
1054 approximately 200 pm. The ensemble comparison further shows that crystals in the
1055 146.8 pm size class occur in only one of the 20 stochastic realisations, while no mod-
1056 elled crystals populate the 215-316 pm classes. The limited spread among stochastic
1057 realisations relative to the model-experiment discrepancy indicates that the missing
1058 coarse-crystal population is systematic rather than a consequence of random nucle-
1059 ation sampling. This suggests that the present nucleation—growth formulation captures
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the first-order crystal population but underestimates the processes responsible for the
development of the large-size tail, such as prolonged growth, coarsening, agglomera-
tion, or crystal-crystal interactions, all of which are observed experimentally but are
not explicitly represented in the present model.

lezzi 1100 °C plagioclase CSD

101 —e— lezzi et al. (2011), Fig. 8 (digitized)
GALES ensemble mean (20 seeds)
8 GALES 2.5-97.5 percentile interval

Shape-aligned In[n(L)]
N

146.8 um: occupied in 1/20 seeds; 215-316 um: 0/20 seeds

© 101 ' 102
Plagioclase long axis, L (um)

Fig. 5 Shape comparison between the plagioclase CSD digitized from lezzi et al. (2011, Fig. 8) and
the GALES 20-realisation ensemble at 1100 °C. Modelled equivalent-volume diameters are converted to
long-axis dimensions using L/Deq = 2.537. A constant vertical offset is applied for shape comparison;
the shaded region represents the 2.5th-97.5th percentile interval among stochastic realisations.

5.2 Billon et al. experiment

Billon et al. (2025) was selected as a second benchmark because it provides an
unusually comprehensive experimental characterization of plagioclase crystallisation
in a natural basaltic andesite, including phase abundance, crystal number density,
three-dimensional morphology, crystal-size distributions, and independently derived
nucleation and growth rates. The experiments also explore much slower cooling con-
ditions and a different melt composition and redox state than the Iezzi calibration,
thereby providing a stringent test of the transferability of the model. An important
difference with the lezzi experiment is that the starting state of the Billon cooling
experiments was not crystal-free. After the 1190 °C pre-treatment, a small population
of inherited plagioclase crystals remained in the charge. These pre-existing crystals
were therefore included explicitly in the numerical initial condition and provided both
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1106 an initial crystal population for subsequent growth and available surface area for het-
1107 erogeneous nucleation. Among the Billon experiments, run G2-2 was selected. This
1108 charge was cooled from the 1190 °C post-treatment state to 1140 °C at 3 °C/h and
1109 contains approximately 11 vol.% plagioclase at the final quench temperature, with no
1110 Fe-Ti oxide or pyroxene. The run therefore provides a well-developed crystal popula-
1111 tion and CSD while remaining sufficiently simple to isolate plagioclase nucleation and
1112 growth. Experiments quenched closer to the liquidus contain very small and highly
1113 variable crystal populations, whereas lower-temperature experiments progressively
1114 introduce additional crystalline phases and greater textural complexity. G2-2 there-
1115 fore represents a compromise between statistical robustness of the crystal population
1116 and simplicity of the phase assemblage.

1117 Starting from the calibration obtained for the lezzi et al. experiments, only a lim-
1118 ited recalibration was required for the Billon et al. benchmark. The homogeneous CNT
1119 and growth parameters were retained unchanged, whereas the effective heterogeneous
1120 nucleation parameters were recalibrated to account for the fundamentally different,
1121 inherited-seed-dominated initial condition (Table 3).

1122 The heterogeneous nucleation parameters were explored using a 6 x 5 sensitivity
1123 grid in ¢pet and fsite. The same random-number seed was used for all 30 simulations
1124 in order to isolate the effect of parameter changes from stochastic variability. The grid
1125 revealed a clear trade-off between the heterogeneous barrier reduction factor and the
1126 active-site fraction. The pair

1127

1128 Phet = 3.3 x 1074, feite = 2.5 x 107°

1129

1130 was selected because it provided was selected because it reproduced the experimental
1131 crystal number density while providing the lowest CSD mismatch among the explored
1132 parameter pairs and remaining away from the boundaries of the parameter space.
1133 Across the sensitivity grid, the final crystal number density varies strongly, whereas the
1134 final plagioclase volume fraction changes only weakly. The residual-liquid composition
1135 is also nearly insensitive to ¢net and fsite- This behaviour reflects a nucleation-growth
1136 compensation. Larger nucleation rates generate a greater number of crystals, so the
1137 crystallised mass is distributed among more individual grains. Conversely, lower nucle-
1138 ation rates produce fewer crystals, which can undergo greater individual growth. As
1139 a result, substantially different crystal populations can develop while producing sim-
1140 ilar total crystallised masses. The final plagioclase fraction is therefore not imposed
1141 directly by the thermodynamic calculation. Thermodynamics determines the instan-
1142 taneous driving force for crystallisation and the composition of the incipient solid,
1143 whereas the actual amount of material transferred from the liquid to the crystal pop-
1144 ulation is controlled kinetically by the coupled evolution of nucleation and growth.
1145 The weak dependence of the final plagioclase fraction on ¢pet and fgite, despite large
1146 variations in Ny, should therefore not be interpreted as evidence that the crystallised
1147 mass is thermodynamically fixed. Rather, it is an emergent property of the coupled
1148 nucleation-growth system. In this sense, the pair (@net, fsite) primarily controls the
1149 number of crystals produced and the resulting crystal-size distribution, whereas the
1150 thermodynamic trajectory largely controls the evolution of the residual melt and the
1151
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Table 3 Parameters adopted for the Billon et al. G2-2 benchmark. The plagioclase homogeneous-nucleation and
growth parameters were transferred from the Iezzi et al. calibration. Only the heterogeneous nucleation parameters
¢net and fsite were recalibrated against the Billon experiment.

Parameter Symbol  Plagioclase Status / main constraint

Interfacial energy ¥ 0.0445 J m—2 transferred from lezzi

Nucleation activation energy Qnuc 285 kJ mol—1! transferred from Iezzi

Growth activation energy Qgrow 285 kJ mol—?! transferred from lezzi

Nucleation attempt frequency Vnuc 1.0 x 1013 s—1 fixed prefactor

Growth attempt frequency Vgrow 1.0 x 1013 g1 fixed prefactor

Nucleation structural-unit length Anuc (Vm/NA)l/3 computed from MELTS

Growth jump length Qgrow 3.0x 10710 m fixed molecular scale

Attachment regime kett mixed diffusion—interface transferred formulation

Heterogeneous barrier factor Phet 33x 1074 Ny, nucleation window, CSD

Active heterogeneous site fraction  fsite 2.5 x 1075 Ny, Jvatch, CSD

Heterogeneous substrate — resolved plagioclase surface physical model

Initial seed fraction Bseed 0.00321 GERO-0 experiment

Initial seed number density Nv,o 1.98 x 1012 m—3 GERO-0 experiment

MELTS model - Rhyolite-MELTS 1.2.0 (mode 4) Billon thermodynamic model

Redox condition fO2 NNO experimental condition
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1198 composition of the incipient plagioclase. The sensitivity analysis thus shows that sim-
1199 ilar final crystal fractions can arise from markedly different crystallisation histories.
1200 The resulting heterogeneous nucleation rates are shown in Figure 6.
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1222 Fig. 6 Effective homogeneous and heterogeneous plagioclase nucleation rates as a function of tem-

1223 perature for the Billon et al. benchmark calculations. Only heterogeneous nucleation is present, and

1224 its effective rate is computed as in Figure 2. The 2.5th—97.5th percentile range is imperceptible at
the scale of the figure; the lines represent the ensemble mean.

1225

1226

1227 To quantify the stochastic variability associated with nucleation, the final G2-2
1228 calculation is repeated for 20 independent random-number seeds while maintaining
1229 identical thermodynamic and kinetic parameters. At 1140 °C, the simulations yield a
1230 plagioclase volume fraction of 12.3 vol.% and a crystal number density of 2x 1013 m~3,
1231 compared with experimental values of approximately 11.3 vol.% and 2.15x10'3 m~3,
1232 respectively. The corresponding batch nucleation rate is (4.7540.01)x10% m~3s71,
1233 only about 7% lower than the experimental estimate of 5.12x10® m~3s~!. The ensem-
1234 ble produces 75,3204+221 new plagioclase crystals, demonstrating that both the final
1235 crystal number density and the integrated nucleation rate are essentially insensitive to
1236 the stochastic realisation. The very small standard deviations obtained for the Billon
1237 ensemble reflect the limited stochastic variability among realisations rather than an
1238 equivalent precision of the physical model or experimental constraints; consequently,
1239 they should not be interpreted as measures of the overall predictive uncertainty.
1240 New crystal formation is strongly localized in temperature. Across the 20 realisa-
1241 tions, nucleation begins at 1171.2540.09 °C and ceases at 1168.654+0.09 °C, with a
1242 count-weighted mean nucleation temperature of 1169.818+0.001 °C. Thus, most new
1243 crystals formed within a temperature interval of only about 2.6 °C, corresponding to
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approximately 0.87 h at the experimental cooling rate of 3 °C/h. Subsequent cooling
therefore mainly promoted growth of an already established crystal population. This
behaviour is qualitatively compatible with the observation by Billon et al. that nucle-
ation and growth rates are highest close to the liquidus and subsequently decrease
during cooling.

The residual-liquid composition provides an additional independent test of the
thermodynamic and mass-balance treatment. At 1140 °C, the 20-seed ensemble closely
reproduces the G2-2 glass composition measured by WDS. The ensemble-mean resid-
ual melt is characterised by 57.77 wt.% SiO,, 1.45 wt.% TiO,, 14.76 wt.% Al;O3,
10.80 wt.% FeOy, 3.55 wt.% MgO, 5.89 wt.% CaO and 4.02 wt.% NayO, compared
with experimental values of 57.83, 1.51, 15.05, 10.35, 3.39, 6.02 and 4.00 wt.%, respec-
tively (Figure 7). Most oxide concentrations lie within one experimental standard
deviation, and all are within approximately two standard deviations. The resulting
compositional RMSE is only about 0.18 wt.%. This agreement indicates that the cal-
culated degree of crystallisation and the associated chemical depletion of the melt are
internally consistent with the experimental run.

Billon G2-2 residual melt composition at 1140 °C

601 Em Billon G2-2 WDS

W GALES ensemble mean (20 seeds)

N w H [
o o o o

Residual glass composition (wt.%)
=
o

@QO COO S’eﬂo ‘(JO Q'loﬁ

& <O (O (&

Fig. 7 Comparison between the residual melt composition measured by Billon et al. (blue) and the
present computations (orange).

The agreement is less complete for plagioclase composition. The seven analysed G2-
2 new-growth rims have a mean composition of Ansg 1942.39Ab39.964+2.200710.85+0.11,
whereas the calculated incipient plagioclase at 1140°C is approximately
Anss 45Abys 89017 66. The model therefore predicts plagioclase that is about 6.7 mol.%
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1290 less anorthitic than the experimental rims (Figure 8). In contrast to the stochastic
1291 crystal-population quantities, this discrepancy is essentially identical among all 20
1292 seeds, indicating that it is systematic rather than related to stochastic nucleation.
1293

1294 . . L.

1295 Billon G2-2 plagioclase composition at 1140 °C
1296
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1320 Fig. 8 Comparison between the plagioclase composition measured by Billon et al. (blue) and the

1321 present computations (orange).
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Importantly, the plagioclase compositional mismatch does not appear to result
primarily from an incorrect residual-liquid trajectory. The modelled G2-2 melt com-
1325 position agrees closely with the measured residual glass, with an overall oxide RMSE
1326 ¢ approximately 0.18 wt.%. Moreover, when the experimentally measured G2-2 glass
1327 44 supplied directly to Rhyolite-MELTS at 1140 °C and NNO, the predicted plagio-

clase is only Ansy 13, still about 5 mol.% less anorthitic than the measured rims. This

9 suggests that the remaining discrepancy reflects, at least in part, kinetic disequilib-
1330 1ium in plagioclase composition or limitations in the thermodynamic description of
1331 {he instantaneous feldspar composition, rather than solely an error in melt evolution.
1332 Despite the agreement in crystal abundance and number density, the calcu-
1333 1ated crystal-size distribution differs systematically from the experimental G2-2 CSD

iggg (Figure 9). The experimental distribution spans approximately 44 to 700 pm, whereas
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the modelled population occupies only the intermediate size classes between approx-
imately 44 and 276 pm. The model particularly overestimates the population near
69 pm, while failing to reproduce both the smallest crystals and the large-size tail.
Importantly, the 95% interval obtained from the 20 stochastic realisations is extremely
narrow relative to the model-experiment discrepancy, demonstrating that the CSD
mismatch cannot be explained by stochastic variability in crystal nucleation.

—@— Billon G2-2: 3-D corrected GALES: size-dependent morphology
_16 -
_18 -
S
I =20
£
2
E, —22 T
£
—24 -
_26 -
T T T T L
10! 102

Crystal long axis L (um)

Fig. 9 Comparison between the 3-D-corrected plagioclase CSD of Billon et al. (2025) (blue) and the
present calculations (orange).

6 Discussion

The two experiments constrain different parts of the model and, importantly, show why
no single observable is sufficient to evaluate crystallisation kinetics. Crystal fraction
mainly records total mass transfer, Ny records the accumulated number of crystals,
and residual-liquid composition tests the associated chemical depletion. The CSD adds
a temporal dimension because crystals with different nucleation times experience dif-
ferent growth histories. Agreement in one of these quantities therefore need not imply
agreement in the others.

The Iezzi experiment tests the model from the onset of crystallisation. Start-
ing from a crystal-free melt, homogeneous plagioclase nucleation develops after finite
undercooling and is followed by heterogeneous nucleation as crystal surface becomes
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1382 available. The calculated total crystallinity agrees with the experiment, and the mod-
1383 elled plagioclase composition lies within the observed range. Residual-liquid chemistry
1384 follows the experimental differentiation trend, although the remaining oxide-specific
1385 offsets are larger than the variability among stochastic realisations. Those offsets are
1386 therefore associated with the physical or thermodynamic formulation rather than with
1387 the random sampling of nucleation. It should be emphasised that the spread among
1388 the 20 realisations quantifies only the variability arising from stochastic nucleation,
1389 because all thermodynamic, kinetic and numerical parameters are held fixed; it there-
1390 fore does not represent the total uncertainty associated with parameter calibration or
1391 with the physical and thermodynamic assumptions of the model.

1392 Texture is more restrictive. The Iezzi calculation reproduces the dominant small-
1393 to intermediate-size population, but the simulated CSD is narrower than the experi-
1394 mental distribution. The modelled maximum long axis is 109.9 £ 6.9 pum, compared
1395 with an experimental distribution extending to approximately 200 pgm. Only one of
1396 the 20 realisations reaches the 146.8 pum size class, and none populates the larger
1397 215-316 pm classes. The coarse tail is therefore not absent because an unfavorable
1398 stochastic realisation happened to be selected. Its persistence outside the ensemble
1399 variability instead indicates that some mechanism controlling the late evolution of
1400 crystal size is not represented by the present nucleation-growth description. Possi-
1401 ble contributions include prolonged or heterogeneous growth histories, coarsening,
1402 aggregation and crystal—crystal interaction.

1403 Billon provides a different test because the system already contains plagioclase
1404 when cooling begins. The lezzi-derived interfacial energy, mixed diffusion/interface-
1405 controlled nucleation attachment kinetics and growth parameters were retained, but no
1406 homogeneous nucleation was realised during the Billon trajectory. New crystals formed
1407 exclusively through heterogeneous nucleation on the inherited and subsequently grow-
1408 ing plagioclase surfaces. Recalibration was therefore confined to ¢pet and fsite, which
1409 describe the efficiency and availability of heterogeneous nucleation sites.

1410 The Billon sensitivity calculations also reveal a useful feature of the coupled model:
1411 crystal number and crystallised mass need not vary together. Substantial changes
1412 in Ny can occur while the final plagioclase fraction and residual-liquid composition
1413 change little. A larger number of nuclei divides the available crystallised mass among
1414 more crystals; a smaller number leaves more mass available for growth of each individ-
1415 ual crystal. Final crystallinity is therefore an integrated outcome of nucleation, growth
1416 and depletion rather than a direct copy of the equilibrium phase fraction predicted by
1417 MELTS .

1418 At the G2-2 endpoint, the calculated plagioclase fraction, Ny, batch nucleation
1419 rate and residual-glass composition are all close to the experimental values. Crystal
1420 composition is less well reproduced: the predicted plagioclase is more sodic than the
1421 measured new-growth rims. Supplying the measured G2-2 residual glass directly to
1422 Rhyolite-MELTS reduces but does not remove this difference. The melt trajectory
1423 alone therefore cannot explain the offset. Either kinetic disequilibrium during feldspar
1424 growth, limitations in the thermodynamic prediction of the instantaneous feldspar
1425 composition, or both must contribute.

1426

1427

32



The Billon CSD leads to a conclusion similar to the Iezzi comparison. Bulk crys-
tallinity and number density can be reproduced while the observed size distribution
remains broader than the calculated one. The model misses both part of the fine pop-
ulation and the coarse tail, and the stochastic interval is small compared with the
model-experiment difference. Because the same tendency appears in two experiments
with very different cooling rates, initial conditions and nucleation regimes, the dis-
crepancy is unlikely to arise from stochastic nucleation alone or from a single poorly
chosen CNT parameter.

This result is useful because it separates what is already captured from what is
not. The coupled thermodynamic—kinetic formulation accounts reasonably well for
the integrated mass transfer, melt differentiation and overall crystal population under
both experimental conditions. The CSD, however, contains information that is not
recoverable from those bulk quantities alone. In the present calculations, that miss-
ing information appears to concern the evolution of the population after nuclei have
formed: variations in growth history, crystal interaction, aggregation, coarsening and
morphology can alter the distribution without strongly changing final crystallinity or
melt chemistry.

The comparison therefore gives the CSD a role beyond that of an additional fit-
ting target. It acts as a diagnostic of processes that are poorly constrained by phase
abundance or Ny . The present GALES-MELTS formulation provides a baseline in which
thermodynamic affinity, attachment kinetics, stochastic nucleation, crystal growth and
chemical depletion are coupled explicitly. Processes added in future developments can
then be evaluated by asking whether they improve the crystal-scale record without
degrading quantities that are already reproduced, such as crystal fraction, number
density and residual-liquid chemistry.

7 Conclusions

GALES and alphaMELTS have been coupled to follow crystallisation as a time-dependent
interaction between thermodynamic disequilibrium, nucleation, growth and melt
depletion. MELTS supplies the affinity and composition of the incipient crystalline
phases; GALES uses this information to calculate nucleation and growth and to update
the crystal population. The nucleation rate combines the CNT barrier with a mixed
diffusion/interface-controlled attachment prefactor, while crystal growth uses an anal-
ogous kinetic treatment. Removing the crystallised material from the liquid closes the
feedback because the depleted melt determines the thermodynamic conditions for the
next step.

The two experimental benchmarks exercise different parts of this formulation. In
the ITezzi case, an initially crystal-free melt develops homogeneous nucleation before
heterogeneous nucleation becomes important on newly created crystal surfaces. The
calculation reproduces the observed crystallinity, gives plagioclase compositions within
the experimental range and follows the main residual-melt differentiation trend. Bil-
lon begins instead with inherited plagioclase. Homogeneous nucleation is absent from
the modelled cooling path, and all new crystals form heterogeneously. With the
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1474 Tezzi-derived interfacial energy, nucleation attachment kinetics and growth parame-
1475 ters retained, and only the effective heterogeneous nucleation parameters recalibrated,
1476 the calculation reproduces the final plagioclase fraction, crystal number density, batch
1477 nucleation rate and residual-glass composition. The plagioclase composition is less well
1478 reproduced, remaining systematically more sodic than the experimentally measured
1479 new-growth rims, despite the close agreement in residual-glass composition.

1480 The CSD comparisons impose a stricter condition than these bulk observables.
1481 Both modelled distributions are narrower than their experimental counterparts even
1482 though crystallinity, Ny and melt chemistry are reasonably reproduced. The signif-
1483 icance of this result is that those integrated quantities do not uniquely specify the
1484 crystal population. Crystal size retains information on when crystals formed, how long
1485 they grew and what happened to them after nucleation. The persistence of the CSD
1486 discrepancy across stochastic realisations also shows that it cannot be removed simply
1487 by choosing another random nucleation history.

1488 Rather than weakening the coupled approach, this separation between successful
1489 and unsuccessful observables makes the comparison more informative. The present
1490 formulation captures much of the bulk thermodynamic, chemical and population-
1491 scale evolution while identifying the crystal-size distribution as the quantity most
1492 sensitive to physics that remains unresolved. Coarsening, aggregation, crystal interac-
1493 tion, morphology-dependent growth and disequilibrium crystal chemistry can therefore
1494 be introduced and tested against a model whose mass balance, melt evolution and
1495 principal nucleation behaviour are already constrained.

1496 The resulting framework is useful not only for reproducing a crystallisation path,
1497 but for determining which observations can be explained by a given set of physical
1498 processes and which require additional mechanisms. In that sense, coupling GALES
1499 and MELTS provides a basis for progressively testing more complete descriptions of the
1500 textural and chemical evolution of magmas.
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