
Comptes Rendus

Physique

Ludovic Huguet, Quentin Kriaa, Thierry Alboussière and Michael Le Bars

Solid–liquid phase change in planetary cores

Volume 25, Special Issue S3 (2024), p. 143-181

Online since: 10 December 2024

Part of Special Issue: Geophysical and astrophysical fluid dynamics in the laboratory

Guest editors: Stephan Fauve (Laboratoire de Physique de l’ENS, CNRS, PSL Research
University, Sorbonne Université, Université Paris Cité, Paris, France) and Michael Le
Bars (CNRS, Aix Marseille Univ, Centrale Marseille, IRPHE, Marseille, France)

https://doi.org/10.5802/crphys.216

This article is licensed under the
Creative Commons Attribution 4.0 International License.
http://creativecommons.org/licenses/by/4.0/

C EN T R E
MER S ENN E

The Comptes Rendus. Physique are a member of the
Mersenne Center for open scientific publishing

www.centre-mersenne.org — e-ISSN : 1878-1535

https://doi.org/10.5802/crphys.216
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org


Comptes Rendus. Physique
2024, Vol. 25, Special issue S3, p. 143-181

https://doi.org/10.5802/crphys.216

Review article / Article de synthèse

Geophysical and astrophysical fluid dynamics in the laboratory /
Dynamique des fluides géophysiques et astrophysiques au
laboratoire

Solid–liquid phase change in planetary cores

Changement de phase dans les noyaux planétaires

Ludovic Huguet ,⁄,a, Quentin Kriaa ,b, Thierry Alboussière ,c and
Michael Le Bars ,d

a ISTerre, Université Grenoble Alpes, Université Savoie Mont Blanc, CNRS, IRD,
Université Gustave EiVel, 38000 Grenoble, France

b Physics of Fluids Group, Max Planck Center for Complex Fluid Dynamics, and J. M.
Burgers Centre for Fluid Dynamics, University of Twente, P.O. Box 217, 7500AE
Enschede, The Netherlands

c Université de Lyon, ENSL, UCBL, UJM, CNRS, Laboratoire LGL-TPE, France
d CNRS, Aix Marseille Univ, Centrale Marseille, IRPHE, Marseille, France

Current address: School of Earth and Environment, University of Leeds, Leeds LS2 9JT,
UK (L. Huguet)

E-mails: l.g.huguet@leeds.ac.uk (L. Huguet), quentinkriaa@gmail.com (Q. Kriaa),
thierry.alboussiere@ens-lyon.fr (T. Alboussière), michael.le-bars@univ-amu.fr
(M. Le Bars)

Abstract. The ubiquitous phenomena of crystallization and melting occur in various geophysical contexts
across many spatial and temporal scales. In particular, they take place in the iron core of terrestrial planets
and moons, profoundly influencing their dynamics and magnetic field generation. Crystallization and
melting entail intricate multiphase flows, buoyancy eVects, and out-of-equilibrium thermodynamics, posing
challenges for theoretical modeling and numerical simulations. Besides, due to the inaccessible nature of
the planetary deep interior, our understanding relies on indirect data from seismology, mineral physics,
geochemistry, and magnetism. Consequently, phase-change-driven flows in planetary cores constitute a
compelling yet challenging area of research. This paper provides an overview of the role of laboratory
fluid dynamics experiments in elucidating the solid–liquid phase change phenomena occurring thousands
of kilometers beneath our feet and within other planetary depths, along with their dynamic repercussions.
Drawing parallel with metallurgy, it navigates through all scales of phase change dynamics, from microscopic
processes (nucleation and crystal growth) to macroscopic consequences (solid–liquid segregation and large-
scale flows). The review delves into the two primary planetary solidification regimes, top-down and bottom-
up, and elucidates the formation of mushy and/or slurry layers in the various relevant configurations.
Additionally, it outlines remaining challenges, including insights from ongoing space missions poised to
unveil the diverse planetary regimes.
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Résumé. Les phénomènes de cristallisation et de fusion se produisent dans divers contextes géophysiques
à diverses échelles spatiales et temporelles. Ils prennent notamment place dans le noyau en fer des pla-
nètes telluriques et des lunes, où ils jouent un rôle primordial dans leur dynamique et dans la généra-
tion de leur champ magnétique. La cristallisation et la fusion se caractérisent par des écoulements mul-
tiphasiques complexes, des eVets de flottabilité et une thermodynamique hors équilibre, diYcilement ac-
cessibles à la modélisation théorique et aux simulations numériques. De plus, les profondeurs planétaires
demeurent inaccessibles aux observations directes, et notre compréhension repose sur des données indi-
rectes provenant de la sismologie, de la physique minérale, de la géochimie et du magnétisme. Par consé-
quent, les écoulements induits par un changement de phase dans les noyaux planétaires constituent un do-
maine de recherche à la fois passionnant et stimulant. Cet article donne un aperçu du rôle qu’ont les expé-
riences de laboratoire en dynamique des fluides pour élucider des phénomènes de changement de phase
solide-liquide se produisant à des milliers de kilomètres sous nos pieds ou dans d’autres planètes, ainsi que
de leurs conséquences dynamiques. En établissant des parallèles avec la métallurgie, cet article navigue à
travers toutes les échelles de la dynamique du changement de phase, des processus microscopiques (nu-
cléation et cristallisation) à leurs conséquences macroscopiques (ségrégation solide-liquide et écoulements
de grande échelle). Nous décrivons en détail les deux principaux régimes de solidification planétaire, des-
cendant et ascendant, ainsi que la formation de couches de solides interconnectées (“mush”) ou disper-
sées (“slurry”) dans les diverses configurations pertinentes. Enfin, cette revue décrit les défis restants, notam-
ment dans le cadre de missions spatiales en cours qui dévoileront sans aucun doute la diversité des régimes
planétaires.

Keywords. Crystallization, Phase change, Two-phase flows, Planetary cores, Magnetic field.
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1. Introduction

Crystallization and melting are ubiquitous in various geophysical settings across large ranges of
spatial and temporal scales. In most instances, solidification and melting are associated with
subsequent buoyancy eVects with profound dynamical consequences, leading to stable stratifi-
cation or intense convective motions. Indeed, beyond latent heat and heat transfers, solidifica-
tion and melting in geophysical settings are often intricately linked with species segregation due
to the heterogeneity of the considered fluids. For instance, on our planet, the crystallization of
ice at the poles increases the concentration of salt into the ocean water, hence playing a pivotal
role in climate by driving part of the global ocean circulation. Diving towards the planetary deep,
the significance of the local solid–liquid phase change of the mantle is revealed through volcanic
activity. Partial melting within the lithosphere also shapes the composition of the crust and con-
tributes to the formation of stable continents. In the early epochs of Earth’s history, more sub-
stantial melting occurred within the mantle, driven by the energetic processes of accretion and
the presence of short-lived radiogenic elements, resulting in a partial or global magma ocean set-
ting the initial thermochemical state of today’s solid mantle. Still going deeper, the inner part of
the Earth’s core has been solidifying over the last billion years or so, sustaining the Earth’s mag-
netic field generation. Similar phase changes involving water, silicate, and iron are actually ubiq-
uitous on all terrestrial planets and icy moons.

1.1. Phase change and planetary magnetic fields

The planet of reference for magnetic field production is the Earth, whose magnetic field is most
likely produced by dynamo in its liquid core. This process describes how the motions of an
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electrically conducting fluid produce a magnetic field. The coupling between magnetism and
fluid motions leads to the presence of electrical currents that feed the magnetic field but are
constantly subject to ohmic dissipation. As a result, dynamo action can be sustained only as
long as the electromotive action of the flow is suYciently large compared to ohmic dissipation,
which translates as a condition on the magnetic Reynolds number (e.g., [1])

Rem ˘ U L

·m
À 1, (1)

where U and L are respectively the characteristic velocity scale and length scale of the flow, and
·m is the magnetic diVusivity. This necessary yet insuYcient requirement places constraints on
the vigor of the flow. Then, a burning question when observing a dynamo-generated magnetic
field is: how do planetary cores sustain fluid motions that drive a dynamo?

Three contributions are usually mentioned that participate in sustaining the Earth’s mag-
netic field: thermal convection due to the secular cooling of the planet, and possibly to internal
heating through radioactive decay; crystallization of the core at the center that leads to chemi-
cal segregation between pure iron (that solidifies on the solid inner core) and lighter elements
that rise in the liquid outer core, feeding compositional convection; latent heat release dur-
ing crystallization that warms the fluid near the inner core, hence boosting the thermal con-
vection. These three elements have proven important in driving the Earth’s dynamo, and the
last two of them are directly related to core crystallization. Earth’s energy budget makes it very
unlikely to sustain a dynamo without contribution from crystallization, hence questioning the
model of a convective Earth dynamo before the start of the inner core growth (e.g., [2]). In ad-
dition to these three sources, mechanical driving processes (libration, precession, tidal defor-
mation) can provide an alternative source of energy for generating magnetic fields in planetary
cores [3–7].

Some small Earth-like planets show evidence of past (Mars, Moon) or present (Ganymede,
Mercury) global magnetic field (e.g., [8] or [9] for interior structure). These observations have
questioned the scientific community, as long-term, global magnetic fields seem diYcult to
sustain in such small cores. In contrast to the Earth’s bottom-up core crystallization, a regime
of top-down crystallization might take place on small planets. Associated flows may sustain a
dynamo, but their complexity has been up-to-now only remotely tackled.

Planetary cores are very particular geophysical objects, as no direct observation can be made.
Our knowledge of the deepest part of planets relies on indirect observations from geochemistry
(for composition), geodesy and gravity measurements (for internal structure, mass, moment of
inertia, libration), seismology (for internal structure, density, velocity, and state), and magnetism.
Since the early 20th century, the image of the Earth’s core seen by the seismology shows strat-
ified layers (E0 layer and F-layer) [10, 11] acting against the well-mixed state of the liquid core.
Seismological studies have also revealed a complex structure inside the Earth’s inner core, in-
cluding east-west hemispheric dichotomy, innermost inner core, radial or lateral variation of
elastic anisotropy, and attenuation [11, 12]. Planetary seismology on the Moon [13–15] and on
Mars [16–18] have also demonstrated the presence of a liquid core and some partially solid part
at the top of the core or the bottom. The advance of satellite observations and planetary space
missions has enabled us to better constrain the structure, intensity, and secular variation of plan-
etary magnetic fields. The precision of geomagnetic measurements has even allowed us to infer
the dynamics at the top of Earth’s core, which provides key information on the state and the ve-
locity of the fluid iron motions. However, in contrast with atmospheric and oceanic observations,
the lack of direct measurements challenges our knowledge of the state and dynamics of planetary
cores and makes it necessary to challenge the output of phase-change experiments and models
with the available data.
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1.2. From the casting industry to planetary cores

This review focuses on solid–liquid phase change within planetary cores and its dynamic con-
sequences. In this context, the phase change is envisaged through its planetary, large-scale sig-
nificance. But its intricate nature, encompassing both macroscopic and microscopic scales, is
always present. At the atomic or molecular level, energy barriers must be overcome to induce a
change in atomic arrangement. DiVusion processes operating at microscale influence the mor-
phology of the liquid–solid interface, resulting in the formation of isolated crystals or dendritic
structures, possibly modified by convection. The thickness of the region undergoing crystalliza-
tion then represents the mesoscale, potentially involving compaction and other associated ef-
fects. While most studies focus on specific scales, it remains challenging to integrate all of them
into a single numerical model. Consequently, experimental approaches hold significant value as
they naturally capture all the complexity of phase change, albeit with the challenge of disentan-
gling the individual contributions.

Many of our ideas on crystallization in planetary cores originate from the study of metallurgy
(e.g., [19, 20]). Yet the conditions are very diVerent: the expected growth rate of crystallization
of the inner core—V » 10¡10 m¢s¡1—is unseen in the iron casting where the mm¢s¡1 is more
typical. Similarly, the temperature gradient in the core—G » 10¡3 K¢m¡1—is much smaller than
usual values in metallurgy. A consequence is that heuristic laws valid in metallurgy may not apply
to the core. Fortunately, we can still rely on laws based on physical arguments. For instance,
the primary dendrite spacing is found to scale proportionally to V ¡1/4G¡1/2, based on diVusion
length scales and the radius of curvature of the tips of the dendrites. This kind of scaling has been
applied to obtain estimates of dendrite spacing and grain size in the inner core, reaching orders
of magnitude of tens of meters [21], well beyond day-to-day experience.

Many factors in the planetary interiors do not have their counterparts in metallurgy. Com-
paction due to the deformation of crystallizing material under its weight or other stresses is a
key factor in cores but is hardly studied in material processing. The eVects of rotation and a
background magnetic field are also potentially very important in planetary interiors. Magnetic
fields have been investigated in the framework of steel casting, but not in the same view. They
have been used to stir the fluid (traveling magnetic fields) or to brake fluid motion (DC magnetic
fields), depending on the configuration and the desired final properties. At the scale of a solidi-
fying zone, in the presence of a temperature gradient, thermoelectric currents can develop at the
liquid–solid interface, acting as a short-circuited thermocouple. These currents have been mea-
sured using small electric potential probes [22]. When a constant magnetic field is applied, the
thermoelectric currents produce Lorentz forces and drive a flow that can compete and reverse
the flow induced by compositional buoyancy [23, 24]. All the ingredients for similar eVects exist
in metallic cores but have received little attention so far in this context.

1.3. Outline

This review is organized as follows. In Section 2, we first describe the state-of-the-art of our ther-
modynamical understanding of planetary cores’ phase change and the variety of solidification
regimes. This leads us to define two main scenarios, whose dynamics are described in depth in
the following sections: the formation of a mushy layer detailed in Section 3, and the formation
of a slurry layer detailed in Section 4, respectively. Mushy layers correspond to situations where
the solid forms a continuous, yet possibly porous matrix attached to a boundary. Slurry layers
correspond to mixtures of fluid and detached grains in suspension, no matter what their concen-
tration. The final Section 5 details the main remaining open questions and the upcoming chal-
lenges related to ongoing space missions. It also briefly describes phase change applications in
other planetary settings, which could be each the subject of a long review.
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2. Crystallization in planetary cores

2.1. Composition and state

The solidification scenario of a planetary core depends on its liquidus temperature (also referred
to as the solidification temperature or the melting temperature) and on its eVective temperature
profile (geotherm), which both depend on the pressure profile and core composition.

Planetary cores are primarily composed of iron1, plus some light elements which could
include sulfur, oxygen, silicon, hydrogen, and carbon [8, 25]. Mineralogical studies of these
various iron alloys under the pressure and temperature conditions of planetary cores allow for the
determination of their density, melting temperature, thermal conductivity, and compressibility,
depending on their composition and whether they are in a solid or liquid state. The melting
temperature and thermal conductivity help determine when the first solid will form due to
the thermal evolution of the core. The liquid compressibility and the slope of the liquidus
determine whether crystallization will begin at the core’s center or surface. The density diVerence
between the liquid and the solid (positive or negative) determines the dynamics of liquid/solid
segregation. All these parameters have been measured in various experimental studies for
diVerent alloys, such as Fe–Si [26], Fe–S [27, 28], Fe–S–O [29, 30], Fe–Si–H [31], Fe–Ni–S [32, 33],
Fe–Ni–Si [34, 35], and Fe–Ni–H [36].

In the canonical framework, the core is assumed to be well-mixed during its accretion, leading
to a uniform bulk composition before the crystallization starts [37]. The liquid mixture is then
described by a Fe–X alloy where the element X stands for a light element. In addition, a partition
coeYcient equal to 0 is usually considered, meaning that the iron solid phase is pure. In that case,
the state of the core is described by the typical binary phase diagram sketched in Figure 1. Such
a diagram is given for a constant pressure, hence for a fixed depth in the core. Mineral physics
studies provide the eutectic composition and temperature, and the Clayperon slope for a wide
pressure range. Parameterized equations of state are built to determine which phase exists for all
compositions, temperatures, and pressures. Over time, the core cools down, so the state of the
core is generally expected to go from fully liquid to partially solid and, ultimately, fully solid. It is
apparent in Figure 1 that the bulk X mass fraction in the fully liquid state controls the composition
of the crystals that form. Cores on the iron-rich side of the eutectic (hypo-eutectic) cX ˙ cX,e form
pure iron crystals; on the opposite, the X-rich cores (hyper-eutectic) cX ¨ cX,e form FeaXb crystals,
which are generally considered positively buoyant.

2.2. Dynamical scenarios of solidification

Figure 1 oVers a simple, local picture of core crystallization solely based on thermodynamics.
But in practice, core crystallization is a dynamic process due to the presence of buoyancy eVects.
Since the liquid Fe–X mixture contains a light element, pure iron crystals are denser than the
liquid, and are therefore negatively buoyant, while FeaXb crystals are positively buoyant. The
segregation of the newly solid phase and the remaining liquid phase determines the dynamical
evolution of the cores, including the growth of a solid layer. Moreover, this segregation may lead
to the formation of convective or stably stratified fluid zones. Fluid motions driven by buoyant
parcels of fluid or by buoyant crystals are thought to generate enough energy to sustain a dynamo
action [38–40].

The pathways of crystallization and segregation depend on two aspects. First, it depends on
how the density of the crystals compares with that of the ambient. Second, crystal migration
depends on exactly where solidification happens. For illustration purposes, we focus here on

1More specifically, of an iron-nickel alloy.
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Figure 1. Simpli�ed sketch of the binary phase diagram of iron (Fe) and a light element
denoted “X”, showing the state of the core as a function of the X mass fraction cX and of
temperature. The solid blue line corresponds to the liquidus, and the solid dark line is
the solidus. The composition of the eutectic is denoted cX,e. The integers a and b 6Æ0
in subscript parameterize the composition of the solid forming on the X-rich side of the
eutectic. For simplicity, we focus in Section 2.2 on a core lying on the iron-rich side of the
eutectic (hypo-eutectic). In that case, the dashed red line shows a typical evolution of the
state of the liquid core assuming thermodynamic equilibrium, for an initial mass fraction
cX(t Æ0) Ç cX,e and an initial temperature above the liquidus.

an iron-sulfur core on the iron-rich side of the eutectic, i.e. with a sulfur concentration cS Ç cS,e

and we describe two scenarios corresponding respectively to the evolution of the Earth and of a
small Earth-like planet (or moons) like Ganymede. More crystallization scenarios can be found
in [8]. In all scenarios, the ultimate state of the core is to be entirely solid (for small cores such as
asteroids) or partially solid (for larger cores such as those of the Moon, Mercury, and Earth).

Figure 2a shows the typical bottom-up regime of solidi�cation of the Earth [41]. As the core
cools down, its temperature eventually crosses the liquidus curve at its center because the slope
of the core temperature is steeper than the liquidus. Consequently, solid crystals �rst appear at
the planet center, as sketched by red circles. At the bottom of the crystallizing region, an iron
solid layer grows by the formation of a solid matrix or by the accumulation of free iron crystals
(see Section 2.3). In the meantime, the residual liquid depleted in iron is lighter than the bulk
Fe–S mixture, so it rises in the core and nourishes compositional convection above the solid layer
(gray arrows in Figure 2a).

Consider now the top-down freezing of small Earth-like planets like Ganymede [42], as
sketched in Figure 2b. In such planets, studies [28,43–46] suggest that the slope of the liquidus as
a function of depth is either steeper than the core temperature or even negative [45, 46]. There-
fore, as the core cools down its temperature pro�le �rst crosses the liquidus at the core periph-
ery, where the �rst crystals appear [8,47,48] (see the red circles in Figure 2b). Iron crystals might
grow from the core-mantle boundary or spontaneously nucleate freely in the bulk. The formation
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Figure 2. Two dynamical scenarios of solidi�cation of an iron-rich, sulfur hypo-eutectic
core: (a) bottom-up solidi�cation in an Earth-like planet; (b) top-down solidi�cation in a
smaller Earth-like planet. Figure adapted with permission from Breuer et al. [8], under the
CC BY 4.0 license.

of the �rst crystals on the surface or in the bulk will depend on physical properties (wettability,
roughness, nucleation rate [49]), and dynamical processes (growth rate, constitutional supercool-
ing layer [21], collisional breeding [50]). We will deepen the conditions of crystallization in the
Sections 2.3 and 2.4. As they are denser than the ambient liquid, both cases end up with unsta-
ble crystals that settle due to gravity. The remaining light-element-rich liquid is lighter than the
ambient, so it rises. The crystallization region extends from the core-mantle boundary to a lower
limit where the crystals remelt because of the increasing ambient temperature. As a �rst-order es-
timate, this location is given by the core temperature matching the liquidus [8,47,48]. This region
of solidi�cation is called the snow zone, and the whole phenomenon of crystallization-settling-
remelting is often referred to as iron snow. This snow zone is often thought to be at thermody-
namic equilibrium, leading to the assumptions of fast crystallization and remelting compared
to the crystal dynamics [40]. For the sake of simplicity, the departure from equilibrium in the
snow zone is assumed to be negligible, even though supercooling can modify the snow dynamics
in some experiments [51] (see Section 4.2.1). However, quantifying the departure from equilib-
rium requires releasing the previous hypotheses, making the theoretical model complex to han-
dle [52,53]. At the lower edge of the snow zone, the molten snow�akes form a liquid mixture that
is richer in iron than the ambient liquid, all the more as it is concentrated in molten snow�akes,
all the less as it dilutes with the ambient. This molten snow is therefore negatively buoyant, so
it sinks towards the center of the core and nourishes compositional convection—see [54] for a
numerical study. Eventually, the core temperature becomes lower than the liquidus everywhere,
so that snow�akes accumulate at the core center and pile up as a growing inner core.

Both scenarios described here are based on sketches and idealized hypotheses: they now need
to be confronted with the reality of lab experiments.

2.3. Mushy or slurry layers

During the crystallization of a binary mixture, the equilibrium temperature at the interface be-
tween the solid and liquid is equal to the liquidus temperature. However, the growth of the solid
by crystallization requires a slight departure from this equilibrium, leading to the formation of
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supercooled regions ahead of the solidi�cation front (i.e. the liquid temperature is below the
freezing point). In addition, the composition of the liquid and the solid di Ver in terms of a light
element composition depending on its solubility (generally very small for light elements (S, C, H,
O), except for Si). Near the solidi�cation front, the liquid is enriched in light elements, leading to
the formation of a compositional gradient. Therefore, the �uid ahead of the front of solidi�cation
is often in a constitutionally supercooled state [55]. The morphological stability of the interface,
which depends on both the temperature and composition gradients, has been extensively exam-
ined theoretically and experimentally [20, 56]. In the conditions of planetary crystallization, the
pressure gradient also plays a major role in the front stability, as the core and liquidus tempera-
tures are pressure-dependent [21,57] (Figure 2). If the interface is morphologically unstable, the
front of solidi�cation will encounter cellular growth, dendritic growth, or equiaxed crystal growth
when considering an increasingly large zone of the constitutional supercooled layer [20,58] (Fig-
ure 3). In planetary cores, the stability of the front of solidi�cation depends on the liquidus and
Clapeyron slope (Figure 3). The liquidus slope @Tm / @cjP is negative or positive depending on
whether the liquid composition is hypo-eutectic or hyper-eutectic (Figure 1). The Clapeyron
slope @Tm / @Pjc is mainly positive for iron alloys at high pressure, yet, for Fe–S at an interme-
diate pressure, the Clapeyron slope is negative [30,33,59]. In addition, the solidi�cation rate and
advective transport of the solute in the liquid play a key role in controlling the structure of the
thermal and chemical �elds near the solidi�cation front. While crystallization is very slow and
is of the order of one millimeter a year [37, 60], advective transport in the liquid can be several
orders of magnitude larger [61]. For the Earth, the theoretical analysis of the stability of the solid-
i�cation front, at the conditions of the inner core boundary, suggests an unstable front of solidi-
�cation [21,57,62].

Figure 4 shows two experiments of equiaxed and dendritic crystallization using analog mate-
rial, like metallurgy studies. Equiaxed crystal growth leads to the formation of a two-phase re-
gion in which free crystals nucleate and grow, and the surrounding liquid can be convectively
stable or unstable: this is a so-called slurry layer (Figure 4a). Alternatively, dendritic growth
leads to the formation of a two-phase region in which dendrites coexist with an interstitial liq-
uid that can also be stable or unstable: a so-called mushy layer (Figure 4b). In a mushy layer,
primary dendrites grow mainly in the same direction. Both regimes can co-exist for the same
conditions; mushy layers preferentially grow from a substrate, and slurry layers exist if enough
nucleation sites are present. Hence, by analogy with metallurgy, the crystallization conditions
at the inner core boundary may lead to the formation of a mushy layer [21, 57, 61, 62] or of a
slurry layer [57,63]. The presence of a slurry layer depends on the thickness of the constitutional
supercooled layer [57], and the ability to produce nucleation sites in the bulk of this layer (see
Section 2.4) [57, 64]. The stability of the front of solidi�cation in other planetary cores remains
poorly known even though the presence of dendrite crystallization has been suggested in as-
teroids based on observations in metallic meteorites [65, 66], and the presence of an iron snow
regime (slurry layer) has been suggested at the top of the core of small moons or planets [42, 47]
(see Figure 2b).

2.4. Nucleation paradox

Crystallization has been extensively studied in the literature (e.g., [20]), given its importance in
industrial processes (metallurgy, casting, . . . ). It is divided into two steps: nucleation followed by
crystal growth. While the second step has also been widely studied in the context of planetary
cores, the nucleation step has been largely ignored [37,57]. For liquid metals, classical nucleation
theory [20,58] requires either a very large supercooling in a homogeneous environment or a wet-
table surface reducing the supercooling. Experiments in various pure metals or alloys [58,69–71]
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Figure 3. Schematic view (for the Earth's core) of the core temperature pro�le (very close
to the adiabatic pro�le), liquidus pro�le, and Clayperon slope, associated with a stable
(A) or unstable (B–D) solidi�cation front. An unstable front of solidi�cation will encounter
cellular (B), dendritic (C), or equiaxed growth (D). The thickness of the constitutional
supercooled region (black dashed lines) depends on the core temperature and the liquidus
pro�le, which both depend on the growth rate and composition.

Figure 4. (a) A slurry layer in a tank cooled from above. Equiaxed crystals form near the top
boundary, settle, and accumulate at the bottom of the tank. (b) Mushy layer with dendrites
growing from the bottom of a tank cooled from below [61,67]. Both cases used ammonium
chloride solutions as an analog to the Fe–X mixture [68].
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have shown that the critical supercooling is quite large compared to the melting temperature, i.e.
about 20% of Tm . To explain the stability of the supercooled metals, Frank suggested that local
structures exist in supercooled liquids [72]. This hypothesis was later con�rmed by identifying
atomic structures with a degree of icosahedral short-range order in experiments in alloys [73]
or in iron [74–76]. These icosahedral short-range order structures may lead to the formation of
stable or metastable quasi-crystals [77], which would preferentially grow instead of crystalline
phase [73]. The undercoolability (meaning the ability to remain stable for a supercooled liq-
uid) of metal alloys then depends on the stability of these local structures in the supercooled liq-
uid, which would ultimately depend on the presence of other phases than the iron [78]. These
short-range order structures have been suspected to play a major role in determining the melt-
ing temperature and the viscosity of high-pressure liquids [79]. However, the experimental de-
tection of such structure in a supercooled liquid at high pressure and temperature is extremely
diY cult. Still, the detection of footprints, such as the twining of dendrites in Al alloys [80], might
be plausible. One may think that the advance of electromagnetic levitation containerless experi-
ments [81] in various environments including microgravity [82,83] along with laser shock experi-
ments [84,85], which already provide physical properties of iron at high-pressure, may be able to
determine the degree of supercooling for iron alloys at the high pressure and high temperature,
which up-to-now remains unknown.

Recently, Huguet et al. [49] extrapolated the theory and results from the classical nucleation
theory to planetary core conditions. They also investigated plausible causes of deviation from
the canonical theory. They revealed that the nucleation barrier is likely to be very high even
at the center of the Earth's core. The Earth's inner core nucleation paradox arises from the
incompatibility between the slow cooling rate of the Earth's core and the high energetic barrier
for homogeneous nucleation. While heterogeneous nucleation seems to be unlikely at the center
of the Earth's core [49] (it is located thousands of kilometers away from any solid surface), the
presence of the solid surface at the core-mantle boundary should ease the nucleation in a top-
down scenario of crystallization [86].

Motivated by this work, several studies have attempted to resolve the paradox using molecular
dynamics simulations [87–90]. The presence of light elements can either reduce or increase the
nucleation barrier [87]. In a two-step scenario of nucleation, Sun et al. [89] found that the body-
centered cubic (bcc) phase of iron has a lower nucleation barrier than the stable hexagonal close-
packed (hcp) phase. However, the nucleation barrier remains signi�cantly high even considering
light elements or complex pathways of nucleation. This energetic barrier might be particularly
signi�cant for the existence of a slurry layer since the latter requires nucleation sites in the
bulk: the origin of these nucleation sites remains a matter of speculation in planetary cores [64],
especially for bottom-up solidi�cation in which no solid phase is initially present [49]. The recent
molecular dynamic [87] and geodynamical studies [91] further highlight the importance of the
nucleation process in the crystallization of planetary cores, which remains a subject of active
research.

We will now describe in more detail the dynamics of a mushy, and then of a slurry layer in the
context of planetary cores. We will highlight �uid dynamics or crystallization experiments that
unravel the dynamics of such layers in cores.

3. Mushy layer

Here we present the growth of a mushy layer and its dynamics in the context of planetary cores.
Mushy layers have been considerably studied through theoretical, numerical, and experimental
approaches because of their importance in industrial casting and sea ice dynamics (see e.g., [92–
94]). Experiments have used metallic alloys or salt solutions [61, 95–100] (see Figures 4b and 5).
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Figure 5. (a) Top view of a mushy layer growing under high gravity level (136 g) [61, 67].
Red circles denote the chimneys, which are evidence of mushy layer convection. (b) Side
view of the mushy layer consisting of ammonium chloride dendrites. Dendrites formed
grains with di Verent preferential orientations [67]. (c) The thickness of the mushy layer as
a function of time for di Verent apparent gravities. Squares are the experimental results and
dashed lines are predictions from the evolution model [61]. (d) Same as (c) for di Verent
viscosities, which correspond to di Verent gravity levels given as an indication [98]. Panels
(a,b) and (c,d) adapted with permission from Huguet [67] and Huguet et al. [61],
respectively.

Ammonium chloride and sodium chloride solutions have proven good analogs for studying the
solidi�cation of metals [68]. Following these works, dedicated experimental studies have been
performed to unravel the e Vect of convection [61, 101] and magnetic �eld [102] on the structure
of the Earth's inner core. Note that a core mushy layer di Vers in terms of structure and evolution
compared to the classical casting case: while the dendrites are canonically seen as a steady solid
matrix growing from a surface, large planetary dendrites might �ow under their weight, melt due
to external forces, and sink into the liquid core.

3.1. State of a mushy layer growing at the Earth's inner core

Crystallization of the inner core is a major source of energy for convection in the outer core,
which generates the Earth's magnetic �eld. Reciprocally, convection alters the transfer of light
elements to the inner core's surface, signi�cantly impacting crystallization. Fearn et al. [62]


	1. Introduction
	1.1. Phase change and planetary magnetic fields
	1.2. From the casting industry to planetary cores
	1.3. Outline

	2. Crystallization in planetary cores
	2.1. Composition and state
	2.2. Dynamical scenarios of solidification
	2.3. Mushy or slurry layers
	2.4. Nucleation paradox

	3. Mushy layer
	3.1. State of a mushy layer growing at the Earth's inner core
	3.2. Mushy zone at the top of planetary cores
	3.3. Melting of a mushy layer at the inner core boundary

	4. Slurry layer
	4.1. Collective motion of inert particles
	4.1.1. What numbers control the motion of particles?
	4.1.2. Modelling convection with a local approach
	4.1.3. A global approach of convection

	4.2. Influence of phase change in slurry layers
	4.2.1. Crystallization
	4.2.2. Crystals remelting


	5. Implications and limitations
	5.1. Consequences for observations
	5.1.1. Dynamo and magnetic observations
	5.1.2. Seismic observation of the Earth's inner core

	5.2. Additional questions to address
	5.3. Similar questions in other fields

	Declaration of interests
	Funding
	References

