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The habitability of large icy moons has long been disputed due to the presence of an high-pressure18

(HP) ice layer located between the core and the internal liquid ocean, preventing a direct contact19

and facilitated exchanges between both. In our previous study Lebec et al. (2023), we have shown20

that under certain conditions and considering the phase change at the upper boundary of the HP21

ice shell, heat and mass transfer can occur and be e�cient. Now, the aim of this work is to study22

the e�ects of impurities inside the HP ices on the flow dynamics and the mass transfer e�ciency23

from the core to the ocean. These salts can enter the ice layer either by di�usion, which is a24

very ine�cient process, or by partial melting at the bottom of the ice layer, if the temperature25

is high enough. In that case, the liquid water can interact with the core and get enriched in26

salts. This salts/water mixture, which can be lighter than high-pressure ices, could rise through27

the ice shell and refreeze. The resulting salts/ice mixture can be transported into the ocean by28

convection in the solid state but could also impede it due to its density compared to pure ice.29

Therefore, the convection e�ciency depends on the buoyancy number Bsalts, which is the ratio30

of density increase associated with salts compared to the decrease associated to temperature. To31

explore the impact of salts, we model a flux of salts from the core and the advection of these32

salts using Lagrangian tracers in order to study the e�ects of the Rayleigh number, the buoyancy33

number and K , which is the partition coe�cient of the salts between the ocean and the HP34

ices at the top interface, on the heat and salts transfer e�ciency through the HP ice layer, as35

well as the implications for the evolution of salt concentration in the ocean of large icy moons36

and ocean worlds. We present a scaling of the bottom temperature and the top radial velocity37

wtop as function of the Rayleigh number Raq for various values of the buoyancy number and38

a scaling of the e�ective flux of salts across the top interface with the ocean as function of39

the buoyancy number for various values of the partition coe�cient. We perform a numerical40

application for Ganymede and show that depending on the values of the system parameters, a41

significant percentage of the salts entering the HP ice layer from the core can e�ciently flow42

into the ocean.43

44

1. Introduction45

Large icy moons have a deep hydrosphere composed of a thin crust of ice Ih at the surface, a liquid ocean and a46

layer of high-pressure ices trapped between the ocean and the core (Hussmann et al., 2015). The internal oceans on47

Ganymede and Titan, which are the two largest moons of the solar system, are composed of salted water. For Ganymede,48

this has been inferred from electromagnetic measurements from the Galileo missions (Kivelson et al., 2002). For Titan,49

this has been deduced from gravity (Iess et al., 2010, 2012; Mitri et al., 2014; Baland et al., 2014), tides (Iess et al.,50

2012), rotation and shape (Baland et al., 2014) data from the Cassini mission and electromagnetic measurements from51

the Huygens probe (Béghin et al., 2012). These moons are mainly composed of rocks and ice and the composition of52

their rocky parts is likely to be close to carbonaceous chondrites (Sotin et al., 2021). According to Zolotov and Kargel53

(2009), their ocean’s main salt is likely to be MgSO4, which is compatible with the spectra obtained for Ganymede54

by the Galileo probe (Soderlund et al., 2020). These salts could be inherited from the formation and di�erentiation55

processes of the moon. They could also come from the core and reach the ocean by convection through the HP ice56
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   a)                                                                           b)

Figure 1: a. Model illustration for the interior of an ocean world with a compositional flux of salts from the core and
exchanges of salts between the HP ice layer and the ocean. When the upwelling hot plumes reach the top interface
between the ice and the ocean, the ice melts and the salts it contains dissolve in the ocean. Conversely, The water freezes
above the downwelling currents and some of the salts it contains are trapped during crystallization, depending on the type
of salts and the value of its partition coefficient between the water and the ice VI. b. Illustration of the process of enriching
the HP ice layer with salts from the core. If there is melt at the interface between the HP ice layer and the rocky core,
the liquid water will seep into the mantle and this interaction should enrich it with salts. If this salty water is less dense
than the ice, it should penetrate into the HP ice layer by porous flow and rise until the temperature decrease along the
way makes it recrystallize at a depth depending on the salts present in the water and the implied solidus.

layer (See Fig. 1.a), which would imply the presence of impurities also in this ice shell. In particular, if melting happens57

at the bottom of the ice layer in contact with the core (Kalousová et al., 2018; Choblet et al., 2017; Lebec et al., 2023;58

Kalousová and Sotin, 2018, 2020), the core interacts with the water which gets enriched in salts. If the salty water is less59

dense than the overlying ice (i.e. if the salt concentration is not too high), it is expected to penetrate in the ice by porous60

flow. In some conditions, this porous flow can proceed all the way to the ocean (Kalousová et al., 2018; Kalousová61

and Sotin, 2018, 2020) but, the decrease in temperature with height in the convective boundary layer leads to freezing62

of part, if not all, of the mixture in some cases (See Fig. 1.b). The resulting solid, likely a polycrystalline assemblage63

of salty ice and hydrated salts, is denser than pure ice.Some salts like NH3 make the mixture less dense than pure ice64

(Leliwa-Kopysty�ski et al., 2002) and therefore help convection. We only consider here the adverse situation where65

salts make the density increase. This density increase counteracts the density decrease associated with temperature66

and the competition between these two e�ects controls the convective dynamics of the ice layer. This competition is67

quantified by a dimensionless parameter, classically called buoyancy number Bsalts, which is the ratio between the68

density increase associated with salt enrichment and the density decrease associated with temperature increase. In69

addition to the possibility of salt transfer from the rocky core to the ocean, salts already present in the ocean can be70

transferred to the ice layer by freezing, provided that the partition coe�cient K is greater than zero.71

Hernandez et al. (2022) previously proposed a scaling to estimate whether the salts are impeding convection in the72

solid state. But despite the fact that the existence of a salty ocean is supported by several studies, a complete exploration73

of their e�ects on the mass and heat transfer e�ciency through a HP ice layer inside large icy moons, depending on74

their buoyancy and their partition coe�cient between HP ices and the ocean, has not yet been performed.75

Several papers have already considered convection in high pressure ice layers of large icy moons: Choblet et al.76

(2017) modeled a 3D spherical ice layer with a pressure- and temperature-dependent viscosity of the ice. They also77

considered the ability of the ice to melt at the bottom interface and an instantaneous extraction of the melt to the78

ocean. Kalousová and Sotin (2018) and Kalousová et al. (2018) studied the evolution of a 2D cartesian HP ice layer.79

They treated the partial melting in the bulk and the transport of the melt across the ice shell with a variable viscosity80
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(Kalousová and Sotin, 2018; Kalousová et al., 2018; Kalousová and Sotin, 2020), using a two-phase approach. In81

a previous paper (Lebec et al., 2023), we modeled a two-dimensional spherical HP ice layer treating only solid-state82

convection for a constant viscosity (except for one case including a temperature- and pressure-dependent viscosity), but83

contrary to previous studies we considered the e�ect on the overall dynamics of the phase change (i.e. melting/freezing)84

at the interface between the ocean and the ice. Due to convective stresses in the ice, topography is formed at this85

interface. The topographic variations are partially erased by melting and freezing. This process implies a permeable86

boundary that enhances the heat and mass transfer e�ciency through the top interface. It can be modeled as a phase87

change boundary condition controlled by a dimensionless parameter �. All these previous papers show that, depending88

on the heat flux from the core, the thickness of the ice and its viscosity, e�cient heat and mass transfers may have89

existed, or may exist, through this layer. Furthermore, all of these studies have shown that under certain conditions, the90

temperature at the lower boundary between the core and the HP ice layer could reach the melting temperature, which91

would imply at least pockets of molten ice at the interface and a more e�cient mass transfer through the ice shell,92

either by remaining liquid throughout ascent or by solid-state convection if water rises and refreezes in the ascending93

hot plumes during the ascent.94

The present study, while still setting aside the question of two-phase flow, focuses on the e�ect of salts on the95

dynamics. We consider a flux of salts from the core and we use a numerical model to solve the convection equations.96

We perform a systematic exploration of the parameter space, which is composed of the Rayleigh number Raq , the phase97

change number � at the top boundary, the buoyancy number of the salts Bsalts and the partition coe�cient K of the98

salts between the liquid water and the HP ices at the top interface. The value of this coe�cient depends on the nature99

of the salts. In the context of large ocean worlds, the first point is to know which salts could be dissolved in water by100

interacting with the core. Although partition coe�cients of most salts between liquid water and ice Ih are well known,101

it is not the case when we consider water and high pressure ices (with the notable exception of NaCl, for which the102

partition coe�cient is about 5 ◊ 10�3 for ice VI, and about 0.12 for ice VII, according to Journaux et al. (2017)). We103

expect this coe�cient to be rather low but, as it can vary a lot depending on the salt properties, we decided to use a104

wide range of values between 0 and 1 for this coe�cient, K = 1 being a non-realistic maximum, in order to have the105

most comprehensive possible study of the environment so that the results are applicable when the salts involved are106

better identified and to determine their e�ect on the global dynamics.107

Section 2 presents the physical model and the numerical method used in this study. The results are discussed in108

section 3, including a numerical application to Ganymede in subsection 3.4. The limits and perspectives of this work109

are discussed in section 4 and the results are summarized in section 5.110

2. Model111

In this study we consider a model made of a HP ice layer extending from R* to R+ topped by an ocean extending112

from R+ to Ro (See Fig. 1.a) with fixed boundaries in time. Two fluxes are entering the HP ice layer from the core:113

the heat flux q and the compositional flux of salts F . The ocean is homogeneous by construction but evolves in time114

by exchanging mass with the HP ice layer. The ice transported by solid convection in the HP ice shell melts on contact115

with the ocean and the salts contained in the ice dissolve in it. Conversely, a part of the water near the upper interface116

between the HP ice and the ocean may freeze and be accreted to the ice (fig. 1.a). A certain amount of the salts present117

in the water during its crystallization is trapped in the process, depending on the salt partition coe�cient K between118

HP VI ice and water. All these aspects are considered in our model.119

2.1. Physical model120

2.1.1. Governing equations121

The primary target of our study is Ganymede but we aim at obtaining results that can apply to any object with a thick122

enough hydrosphere to host a high pressure ice layer. We therefore use dimensionless equations in order to reduce the123

number of parameters of the problem and obtain scaling laws for quantities of interest as function of these parameters.124

The length scale is taken as the HP ice layer thickness d = R+ * R*, with R+ (resp. R*) the dimensional radius of125

the top (resp. bottom) HP ice boundary. Therefore, in the following, the dimensionless radial coordinate defined as126

(r * R*)_d varies between 0 and 1. The radius ratio between the core and the HP ice layer is � = R*_R+. The time127

scale is defined using the thermal di�usivity  as d2_. As in previous papers on convection in HP ice layers (Choblet128

et al., 2017; Kalousová et al., 2018; Lebec et al., 2023), we impose a heat flux q at the bottom of the layer and it is used129

to scale the temperature with �T = qd_k, with k the thermal conductivity. Also, the temperature T + at the interface130
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between the HP ice and the ocean is set to the melting one at the relevant depth, which depends on the HP ice layer131

thickness d. The temperature is made dimensionless using the following equation:132

ÉT = kT * T +

qd
. (1)

In addition to the temperature, another scalar field is considered in this paper, the mass fraction of salts C (or133

concentration). Note that the salt concentration we consider is that for the “fluid parcel” which constitutes the basic134

element of the hydrodynamics approach used here, which is much larger than the typical grain size of the solid. The135

salts do not need to be dissolved in the ice crystals and can be in the form of separate crystals. In that sense, the mineral136

assemblage is similar to the one that forms the rocks constitutive of the mantle of terrestrial planets. As long as they137

stay in the solid state, the various crystals cannot segregate.138

In a first set of runs (see Table 1 #1), we consider a closed ice/ocean system without an influx of salts from the core139

and with an initial concentration in the ocean Co
ini = 1 as the scaling variable. In a second set of runs (see Table 1 #2),140

we impose a fixed flux of salts at the bottom of the ice layer, F (unit of m s�1) which is used to scale the concentration141

so that the dimensionless salt flux imposed at the bottom is Fsalts = 1. To impose a fixed flux of salts, we assume an142

infinite supply of salts from the core (This point is raised in the discussion § 4).143

This problem is solved in a spherical shell under the Boussinesq approximation for an infinite Prandtl number.144

Indeed, from values in Table 4 in the case of Ganymede:145

Pr = ⌘
⇢

Ì 1020, (2)

with ⇢ the reference density and ⌘ the ice viscosity. In this study, ⌘ is considered constant throughout the HP ice shell.146

The dimensionless conservation equations of mass, momentum, energy and composition are (Tackley and King, 2003;147

Bolrão et al., 2021):148

( � u = 0, (3)

0 = *(p + (2u + Raq
�

T * ÑT * Bsalts(C * ÑC)
�

Çr, (4)
)T
)t

+ u � (T = (2T , (5)

)C
)t

+ u � (C = 0, (6)

with Çr the radial unit vector, p the dynamic pressure, u = (v,w) the velocity, ÑT the horizontally averaged temperature,149

ÑC the horizontally averaged concentration in salts, and Raq the Rayleigh number. In our case of a fixed heat flux from150

the core and a laterally-varying temperature at the interface between the HP ice and the core, Raq is written as (Choblet151

et al., 2017):152

Raq =
↵⇢gqd4

k⌘
, (7)

with g the gravity acceleration and ↵ the thermal expansion.153

The equation (6) for the evolution of the concentration in salts is a pure advection equation, i.e. we neglect its154

di�usion in the ice. Its e�ect on the ice density is controlled by a dimensionless number, the buoyancy number, which155

is the ratio of density increase associated to salts�⇢c compared to the decrease associated to temperature,�⇢T = ⇢↵�T156

(Le Bars and Davaille, 2004). With �T = qd_k, in the case of a closed ice/ocean system without influx of salts from157

the core, this parameter is written as:158

Bsalts =
�⇢c
�⇢T

=
kKCo

ini
↵qd

= kK
↵qd

, (8)

while in the case of an imposed flux of salts F from the core, it is written as:159

Bsalts =
�⇢c
�⇢T

= kF
↵q

. (9)
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The latter expression is obtained using the Fd2_ as scale for the variations of composition, as dictated by equation (6)160

and the use of thermal di�usion to scale times. A negligible value of Bsalts would make the flow insensitive to the161

presence of salts, irrespective of its concentration, while a large value would tend to make salt-enriched regions162

negatively buoyant and possibly stable against thermal convection. One of the goals of the present paper is precisely to163

explore the e�ects of this parameter on the dynamics of convection in a HP ice layer and resulting transfer e�ciency.164

The buoyancy number is controlled by the nature of the salts and their amount expected to enter the ice layer if165

melting occurs at the bottom. These di�cult questions depend on the initial composition of the ocean and its chemical166

interactions with the underlying rocky core, which depend on the pressure and temperature. To our knowledge, the167

relevant studies are scarce and let us here consider the case of NaCl for which some data exist (Journaux et al., 2013,168

2017). The maximum amount of NaCl for our model to hold is the one that makes the salty water negatively buoyant,169

since we need it to rise in the ice to freeze. This maximum concentration is 2.5 mol kg*1H2O
(Journaux et al., 2013) or170

146 g kg*1H2O
, which means that liquid water at high pressure can contain a maximum of about 15 wt.% of NaCl to be171

able to rise through the HP ice layer. According to Journaux et al. (2017), the concentration of NaCl in ice VI cannot172

exceed 2.1 ù 10*2 mol%, or 5.6 g kg*1iceV I . Any additional salts contained in the water would crystallise as salt grains.173

According to Kalousová et al. (2018), under conditions consistent for Ganymede, the water fraction in the ice layer174

could be up to 1% and its radial velocity at top is of the order of a few meters per year. Assuming that the radial velocity175

in the bulk is slightly lower but of the same order of magnitude as that at the top, say 1 m yr�1, we can estimate the176

maximum flux of NaCl across the HP ice shell at a given time. This flux depends on the maximum concentration of177

NaCl in the water at high pressure (15 wt.%), the maximum fraction of liquid in the layer at a given time (0.01) and178

the radial velocity of the water and salts mixture through the ice (3.2 ù 10*8m s*1), which gives, as their product,179

F = 4.8 ù 10*11 m s*1. Based on this estimate, we can compute the maximum buoyancy number from eq. 9 in order180

to chose wisely the range to be used for this study. For Ganymede, using the values available in Table. 4, this gives181

Bsalts < 60. Therefore, we chose a range between 0 and 10, which is su�ciently large to cover the whole range of182

behaviour, as shown below.183

2.1.2. Boundary conditions184

Our model uses a fixed heat flux from the rocky core and the temperature is therefore free to vary laterally and185

on average at the bottom of the studied shell. At the interface between the HP ice and the ocean, the temperature is186

equal to the liquidus of the overlying ocean assumed to be laterally uniform so that, according to equation (1), the187

dimensionless temperature is set to zero, leading to the following dimensionless temperature top (+) and bottom (*)188

boundary conditions:189

T ÉT + = 0
⇠

) ÉT
)r

⇡*
= *1, (10)

The mechanical boundary condition that applies at the bottom of the HP ice layer is not obvious (see discussion190

in Lebec et al., 2023): if the bottom temperature is below the solidus, the whole shell is solid and the contact with a191

high viscosity rocky core implies a no-slip boundary condition. On the other hand, in the case of a thick ice layer, the192

bottom temperature is likely to reach the melting temperature of the HP ice, in places (the temperature being laterally193

variable) or everywhere. In the extreme case where a liquid is present everywhere between the ice and the core, we194

can expect a free-slip boundary to apply. Intermediate possibilities with a Robin-like boundary condition, which could195

be laterally variable as a function of the local temperature, could be envisioned. As shown by Lebec et al. (2023), heat196

and mass transfer is more e�cient for a free-slip bottom boundary condition and, to be on the conservative side, we197

consider a no-slip boundary condition in the present study:198

u* = w* = 0. (11)

The presence of a solid-liquid phase change at the upper boundary of the ice shell imposes a specific boundary199

condition with important implications for the dynamics and the heat and mass transfer e�ciency. The detailed200

derivation and implications of this boundary condition for Rayleigh-Bénard convection can be found in several papers201

(Deguen, 2013; Deguen et al., 2013; Labrosse et al., 2018; Agrusta et al., 2020; Bolrão et al., 2021). The convection202

pattern inside a HP ice layer with such a boundary condition at the top (Lebec et al., 2023) is made of upwelling203

hot plumes and a di�use downwelling current, as shown on top panels of Fig.8. At the interface with the ocean, the204
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upwelling hot ice plumes melt and join the ocean while a part of the liquid water can solidify and accrete to the ice205

above the downwelling cold flow. The ease with which this process occurs depends on the competition between two206

processes: on the one hand, the convective stresses in the solid create topography at the interface. On the other hand,207

convection in the ocean erases this topography by melting and freezing. This competition is quantified by the ratio of208

the two relevant time scales, the one to build the topography, which is:209

⌧⌘ =
⌘

�⇢gd , (12)

with �⇢ = ⇢s * ⇢l the density di�erence between the solid (⇢s) and the liquid (⇢l) at the interface, and the one to erase210

it by melting and freezing, which is:211

⌧� =
⇢sL

⇢lcplul
Û

Û

Û

)Tm
)r

Û

Û

Û

, (13)

with L the latent heat, ul the flow velocity in the liquid ocean, cpl the specific heat of the liquid and )Tm_)r the slope212

of melting temperature with radius (see Labrosse et al., 2018, for a full treatment of this process). Therefore, the phase213

change number, defining the e�ciency of this mechanical condition, is written as:214

� =
⌧�
⌧⌘

. (14)

Expressing the continuity of stress across the boundary leads to the dimensionless boundary condition for the radial215

velocity associated with the phase change considered at the top interface:216

�w + 2)w
)r

* p = 0. (15)

When � ô 0 the timescale to erase the topography is much lower than the one to create it and the phase change is217

e�cient at the interface. While for � ô ÿ, we fall back on the classical non-penetrative boundary condition and the218

radial velocity at the interface tends to zero, which implies a very ine�cient mass transfer between the ice and the219

ocean. In this study, cases assume an e�cient phase change of � = 10*2, which gives the dynamical regime expected220

for large rich-water bodies (Lebec et al., 2023).221

The equation (6) for the composition being hyperbolic, no boundary condition can be applied and a specific222

treatment is needed to impose an influx of salts at the bottom. As discussed below in section 2.2.2, this is done using223

Lagrangian tracers. At the bottom of the ice layer, we impose an influx of salts corresponding to a dimensionless flux224

per surface area Fsalts = Fd_ = 1. At the upper boundary, there is a mass exchange between the ice and the ocean225

by the solid-liquid phase change, as a result of the mechanical boundary condition just discussed. This mass exchange226

is treated di�erently on both sides. At regions of downflow in the ice, water freezes to form newly accreted ice whose227

composition is set by the partition coe�cient, K , as KCo, with Co the concentration of salts in the ocean (Fig. 2).228

Where ice is flowing toward the ocean, it must reach an equilibrium, which implies a modification of its temperature229

by di�usion and complete melting, irrespective of its composition (Fig. 2). The liquid is at the liquidus corresponding230

to its composition, which could be di�erent from the solidus corresponding to the composition of the solid. In most231

cases, the solidus of the solid is likely lower than the liquidus of the liquid, in particular if the phase diagram presents232

a eutectic. In that case, melting of ice is eased, and it could even start before reaching the boundary (Kalousová et al.,233

2018), a possibility not treated in the present study. If, on the other hand, the liquidus of the liquid is lower than the234

solidus of the solid, the excess salt in the liquid serves as fusing agent, similarly to the salt spread on snowy roads in235

mountain regions. In both cases we therefore expect the whole ice flowing through the boundary to melt and its content236

to mix with the ocean.237

2.1.3. Evolution of the ocean composition238

As explained in the introduction to this section, the ocean evolves in time through mass exchanges with the HP ice239

layer. The concentration of salts in the ocean Co evolves over time as:240

ModCo

dt
= 4⇡(R+)2⇢F o, (16)
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a)                                                                                     c)

b)
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Figure 2: Illustration of the treatment of the composition at the interface between the HP ice layer and the ocean. a)
Snapshot of the temperature field in the HP ice layer. b) Snapshot of the composition field in the HP ice layer. c) Phase
diagram near the interface between the HP ice layer and the ocean (see text for details). It displays two options for Ci

top,
which is the concentration of salts in the upwelling hot plumes near the interface. If Ci

top > KCo, the ice starts to melt at
the solidus, under the interface with the ocean, i.e. at a temperature below that of the interface. If Ci

top < KCo, melting
occurs directly at the ice-ocean interface, due to the reaction with highly salted water.

with F o the total flux of salts at the interface between the ice and the ocean in m s*1 (and ⇢F o the total mass flux in241

kg m*2 s*1) and Mo = (4_3)⇡(R3
o * (R+)3)⇢ the ocean mass.242

The total flux of salts F o from the ice to the ocean is composed of an inward flux and an outward flux. The salt/ice243

mixture transported in the upwelling hot plumes reaches the interface with a radial velocity at top wtop > 0 and the ice244

melts at this contact. In this case, the salts contained in the ice melting at the interface are transported from the ice to245

the ocean. Conversely, above the downwelling currents wtop < 0 and a certain amount of salts depending on K enters246

the ice due to freezing at the boundary (See Fig. 2). The expression of this flux depends on the value of the top radial247

velocity as:248

F o =
T

wtopCi
top if wtop > 0

wtopKCo if wtop < 0.

with Ci
top the concentration of salts in the ice that melts at the interface.249

2.2. Numerical method250

2.2.1. Numerical solution251

In this study we used StagYY (Tackley, 2008) to solve the convection equations (§ 2.1.1) subject to boundary252

conditions described in section § 2.1.2. The geometry considered for this model is a two-dimensional spherical annulus253

(Hernlund and Tackley, 2008). This convection code, originally developed for convection in rocky mantles, solves254

the convection equations in various geometries using a finite volume approach and uses Lagrangian tracers to treat255

composition (as discussed below). The longitudinal aperture on which the convection equations are solved is set to256
⇡
6 in all cases, which is enough to capture at least one horizontal period (Lebec et al., 2023). We impose periodicity257

in the longitudinal direction. For the grid, we choose the number of cells in the radial direction nztot = 128 in order258

to have a high enough resolution to reach the global energy balance. The number of cells in the horizontal direction259

nytot is computed in order to make the cells as square as possible. Therefore, for the runs with a radius ratio � = 0.8,260

nytot = 256 and for � = 0.9, nytot = 512. As we will see in the results, in some cases the salts accumulate at the bottom261
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of the HP ice layer. Therefore, the grid is refined in the radial direction by a factor of 6 near the core/ice interface. It is262

also refined by a factor of 2 near the top boundary to properly solve the phase change.263

Another numerical issue regards high Rayleigh numbers. All the runs of this work are for a Rayleigh number264

between 107 and 109 and an e�cient phase change � = 10*2 at top. Due to this phase change, the thermal boundary265

layer at the top interface is 1_wtop thick. Knowing that the radial velocity at top can be very high, these runs require266

a very small grid spacing near the interface to be resolved correctly. To this end, we adopt an approach developed267

by Agrusta et al. (2020) and used by Lebec et al. (2023) which removes the thin boundary layer and applies a Robin268

boundary condition, which allows us to switch from a fixed flux boundary condition to a fixed temperature boundary269

condition along the interface depending on the value of the radial velocity. This condition is written as (Agrusta et al.,270

2020):271

�T + (1 * �))T
)r

= 0. (17)

� is the following approximation of the Heaviside function:272

� = 1
2

b

f

f

f

d

1 + tanh
`

r

r

p

⇡
w0
2 *wtop

w0
2

a

s

s

q

c

g

g

g

e

, (18)

with w0 the velocity threshold between both conditions, chosen here as w0 = 5ù 10*2Ra2_3q . Depending on the value273

of wtop, representing the upwelling hot plumes and downwelling currents velocity at the interface, this function makes274

the boundary condition change smoothly from a Neumann boundary condition for which )T
)r = 0 in fast upwelling275

regions to a Dirichlet boundary condition for which T = 0 in downwelling or slowly upwelling regions.276

2.2.2. Compositional tracers of salts277

To explore the e�ect of salts on the heat and mass transfer through a HP ice layer, we use Lagrangian tracers278

distributed throughout the ice shell (Tackley and King, 2003, for more information on the use of tracers and279

benchmarking). These tracers carry the composition in salts of the HP ice layer. At each time step, the information280

carried by the tracers is used to compute a salt concentration field on the finite volume grid which, together with the281

temperature field, is used to compute the total buoyancy force on the right-hand-side of equation 4. Using a finite282

volume approach, the code solves the flow velocity, which is then used to compute the evolution of temperature and283

composition.284

As explained before, if the bottom temperature is high enough to melt the ice, the water in contact with the core285

gets enriched in salts. If this mixture is less dense than the ice, it should rise through the HP ice shell by porous286

flow and recrystallize. Then, the salts/ice mixture obtained could reach the ocean by convection in the solid state. This287

process of porous flow requires a full two-phase flow treatment to be modeled self-consistently (Kalousová et al., 2018).288

Alternatively, we chose to impose a salt flux at the boundary. However, in the absence of salt di�usion in equation (6),289

applying a boundary condition does not a�ect the solution. We adopt the approach proposed by Bou�ard et al. (2017)290

to model this compositional flux: we add a concentration �C(r) corresponding to the desired flux directly to the tracers291

as292

 
r+

r*
r2�C(r)dr = r*

2
Fsalts�t, (19)

with r* (resp. r+) the dimensionless radius of the bottom (resp. top) boundary of the HP ice layer, knowing r+*r* = 1,293

Fsalts the dimensionless flux of salts per surface unit and �t the time step. This additional concentration is added294

following a Gaussian-like curve centered around a horizontal line just above the bottom interface, as follows:295

�C(r) =
aF�t
r2

exp

H

* (r * (r* + h))2

�2

I

, (20)

with h = 0.05 the position of the peak above the bottom boundary and � = 0.01 the peak thickness (the values have296

been chosen empirically), r the position of the tracer inside the HP ice layer to which we add �C and aF a constant297
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Table 1
All simulations are done for a rigid bottom boundary condition and an efficient phase change at top � = 10*2. ÷o is for
ocean and ÷i is for the HP ice layer. Cini is the initial concentration of salts in the designated shell.

# Fsalts Co
ini Ci

ini K Bsalts Raq �
1 0 1 0 {0.001, 1} {0, 3, 10} 107 {0.8, 0.9}

2 1 0 0
{0, 0.001, 0.01, 0.1, 0.3, 1} {0, 0.1, 0.3, 1, 3, 10} {107, 108, 109} {0.8, 0.9}

0.01 {0, 0.1, 0.3, 1, 3, 10} {3 ù 107, 3 ù 108} 0.8
0.01 0.5 {107, 2 ù 107, 3 ù 107, 6 ù 107, 108, 2 ù 108, 3 ù 108, 6 ù 108, 109} {0.8, 0.9}

computed from eq. 19 as:298

aF =
2(r*)2Fsalts

˘

⇡�
0

erf
⇠

1*h
�

⇡

+ erf
⇠

h
�

⇡

1
. (21)

299

300

Because of the way the flux of salts from the core is modeled, with a concentration distributed in the ice layer301

according to a Gaussian-like curve, the number of tracers per cell has to be large enough to ensure the smallest possible302

error on the imposed flux. After some computation to optimize the flux quality/computational resources ratio, we fixed303

it at 500 tracers per cell.304

3. Results305

Two sets of runs have been performed in order to study the e�ect of salts in the most systematic way, as listed in306

Table 1. Firstly, we performed a few runs (#1) with a zero salts flux from the core and a non-zero initial salt concentration307

Co
ini = 1 in the ocean to study whether an equilibrium is reached between the ocean and the HP ice layer in terms of308

composition and the time required to reach a steady state in a closed ocean/HP ice system. As listed in Table 1, we309

chose various values of Bsalts between 0 and 10. Applying eq. (8) to Ganymede with K À [0, 1] and values for q and310

d in Table 4, we get Bsalts in the range 0 to 5. In order to cover all possibilities, in particular when considering other311

planetary objects, we explore values of Bsalts up to 10, which is su�cient to exhibit all dynamical outcomes.312

For the second set (#2) we added a compositional flux of saltsFsalts = 1 at the bottom of the HP ice layer. Therefore,313

the runs never reach a steady-state because the salts continuously enter the ice and the concentration of salts increases314

with time. These runs all start with a zero initial concentration of salts in the ocean Co
ini, and in the HP ice layer Ci

ini315

and are performed for large ranges of values for K , Bsalts, Raq and for two values of the radius ratio � . We vary Bsalts316

systematically to cover all dynamical regimes. As listed in Table 1, we chose various values of Bsalts between 0 and317

10. If we apply eq. (9) to Ganymede, depending on the value chosen for q in Table 4, we obtain a range for F between318

0 and 1.6 ù 10*11 m s*1.319

An alternative way to view the choice of parameters Bsalts is to compute the value of �⇢c corresponding to320

Bsalts = 1. From eq. (8) and eq. (9), �⇢c_⇢H2O = ↵qd_k. For the total range of values for Ganymede (Tab. 4),321

we get �⇢c_⇢H2O between 0.19 and 1.7. Assuming a mechanical mixture between salt and HP ice, we can compute322

the mass fraction of salts Xm as:323

Xm =
Msalts
MH2O

=

�⇢c
⇢H2O

⇢salts
⇢H2O

⇢salts
⇢H2O

* �⇢c
⇢H2O

* 1
. (22)

Considering for example NaCl, ⇢salts_⇢H2O Ù 2.17. Therefore, Xm = 0.42 for �⇢c_⇢H2O = 0.19 but �⇢c_⇢H2O = 1.7324

gives an unacceptable negative value for Xm. This shows that some combinations of parameters are not physically325

possible for all types of salts. We can also compute the density of salts for the limit case Xm = 1 as:326

⇢salts
⇢H2O

=
1 + �⇢c

⇢H2O

1 * �c
⇢

⇢H2O

. (23)
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For �⇢c_⇢H2O = 0.19, the minimum density of salts acceptable for the mass concentration of salts to be inferior to 1327

is ⇢salts_⇢H2O = 1.47.328

3.1. Closed ocean/HP ice system329

Before imposing a flux of salts from the core, let us study the evolution of a closed ocean/HP ice system (See study330

case #1 in Table 1). Without an influx of salts from the core, the two layers evolve according to two parameters: Bsalts331

and K until reaching a steady-state after a certain amount of time. If the system reaches an equilibrium, the two layers332

are balanced, each around an equilibrium concentration. A similar study was performed by Bolrão et al. (2021) but333

with di�erent boundary conditions and geometry, relevant to the magma oceans on Earth.334

Starting with a zero concentration in the HP ice shell, we set an initial concentration of salts in the ocean Co
ini = 1.335

If the whole ice layer reaches an equilibrium with the ocean (which is homogeneous by construction of the model), the336

concentration in the ocean tends to Co
eq and the one in the ice tends to Ci

eq , both expressed from the initial concentration337

Co
ini, the partition coe�cient K and the volumes of both layers as:338

Co
eq = Co

ini
V o

V o +KV i , (24)

339

Ci
eq = KCo

eq = Co
ini

KV o

V o +KV i , (25)

with V i (resp. V o) the volume of the HP ice layer (resp. ocean).340

Figure 3 shows the evolution of the concentration in salts of the ocean (top panels) and of the ice (bottom panels)341

for two partition coe�cient values. These graphs are made for various values of the buoyancy number and the red line342

shows the equilibrium concentrations Co
eq in the ocean and Ci

eq in the ice. Figure 4 shows snapshots of 1_12 of the343

HP ice layer at the end of the runs for some of these cases. For both K = 10*3 and K = 1, the concentration of salts344

in the ocean decreases as it increases in the ice due to the development of convection. For small values of Bsalts, the345

salts incorporated in the ice in the early stage are entrained back to the ocean which makes its concentration rebound.346

These two processes eventually balance each other out and the system reaches steady-state. For a partition coe�cient347

of 1 (see Fig. 3.a), all salts present in the water at the time of its recrystallization at the ocean/ice interface are trapped348

in the ice, leading from equations 25 and 24 to an equal value in both layers of the equilibrium concentration of salts349

at steady-state. This is what happens in the case Bsalts = 0, for which both concentrations tend to their equilibrium350

values (eqns. 24 and 25). The salts are easily transported from one layer to another, leading at steady-state to an almost351

homogeneous HP ice layer, as can be seen on Fig. 4.a. However, these equations do not take into account the e�ect of352

the buoyancy number. Contrary to the ocean, the HP ice shell is not homogeneous and for Bsalts g 0.5, salts from the353

ocean accumulate at the bottom of the HP ice layer. This e�ect can be observed in Fig. 4.b, in which the concentration354

is higher in the bottom part of the HP ice shell. Therefore, the salts are di�cult to transfer to the ocean by convection355

and it leads, for Bsalts g 0.5, to a mean concentration in the ice larger than the equilibrium value and lower than356

the equilibrium value in the ocean. The time required to evolve halfway to the steady-state concentration is reported357

in Table 2 and named t1_2. It shows that, for K = 1, the higher the buoyancy number, the faster the steady state is358

reached. Contrary to all other cases displayed on Fig. 4, the temperature field in the HP ice layer for Bsalts = 10 and359

K = 1 (see Fig. 4.b) shows that convection stopped. In this study, Bsalts is an imposed input parameter that is not360

representative of what will be achieved in the run in terms of concentration and temperature contrast. A posteriori, an361

e�ective buoyancy number Be� can be computed based on what has actually been achieved during the run, defined362

as:363

Be� =
Ci
bot * Ci

top
ÉTbot * ÉTtop

Bsalts. (26)

In the case of Fig. 4.b, Be� = 20, which is very high such that convection was impeded by the salts stacking at the364

bottom of the HP ice layer, unlike other cases for which the e�ective buoyancy number is in the range 0*0.1. To better365

understand this particular case, Figure 5 shows the evolution in time of the temperature and the concentration fields366

from an early stage of the run to t = 4ù10*2, which is the time of Figure 4.b. On Fig. 5.a the convection is very strong367

and the buoyancy number is around 10. At this stage, the heavy salts enter the ice layer from above and therefore help368
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Figure 3: Evolution of the concentration in salts of the ocean (top) and the HP ice layer (bottom) with time for a partition
coefficient a) K = 1 and b) K = 10*3, a Rayleigh number Raq = 107, a radius ratio � = 0.8 and various values of Bsalts, as
labeled.

convection, which is very fast. The salts are entering the layer above the downwelling currents and the upwelling hot369

plumes are poor in salts. At the time of Fig. 5.b, salts have already accumulated at the bottom of the ice layer and the370

e�ective buoyancy number is around 60, which is enough to inhibit convection. From that point, the salts continue to371

enter the ice from the ocean and build up at the bottom of the ice layer until the convective movements disappear.372

For a low partition coe�cient K = 10*3 (see Fig. 3.b), the chosen buoyancy numbers have a very small impact on373

the dynamics because the concentration of salts trapped in the ice during freezing of water at the ice/ocean interface374

is very low. In that case, the e�ective buoyancy number for Bsalts = 10 is Be� = 0.1. This means that even for high375

values of Bsalts the salts hardly a�ect the ice density and are still easily transported by convection. This can be observed376

in Fig. 4.c and Fig. 4.d which both show an almost homogeneous HP ice layer with the same concentration of salts377

in the bulk. This confirms that for a very small amount of salts entering the ice from the ocean in a closed ocean/HP378

ice system the salts do not accumulate at the bottom of the ice shell even for Bsalts = 10. In all three cases shown in379

Fig. 4.a,c,d the HP ice layer is almost homogeneous except for a salts-poor thin layer near the lower interface. This is380

due to the rigid bottom boundary condition, which strongly inhibits vertical flow toward the boundary compared to the381

case of a free-slip boundary condition. In the case of a low partition coe�cient, the salts concentrations in the ocean382

and in the ice layer tend to their respective equilibrium values, Co
eq and Ci

eq , irrespective of the buoyancy number, but383

the equilibrium concentration in the ice is K times smaller than that in the ocean. Also, the time t1_2 to reach half the384
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Figure 4: Snapshots of 1_12 of the HP ice layer in steady-state at t Ù 4 ù 10*2 for a Rayleigh number Raq = 107, a radius
ratio � = 0.8. The top (resp. bottom) panels show the temperature (resp. composition) inside the ice shell for a) K = 1
and Bsalts = 0, b) K = 1 and Bsalts = 10, c) K = 10*3 and Bsalts = 0 and d) K = 10*3 and Bsalts = 10. The minimum
concentration of salts in the HP ice layer for a),c),d) is 0 but the color bars have been limited to a) 0.48 and c)&d) 9 ù 10*4

in order to have more information about what happens in the bulk of the ice shell. Note that colorbars differ between
panels.

steady-state concentration is the same whatever the buoyancy number considered in this study, because Be� is close385

to zero in all of those cases. (See Table 2).386

For all values of Bsalts and K considered in this set of runs, the time to reach half of the steady-state concentration387

is in the range 10*6 * 10*5 (See Table 2). For Ganymede, using the values in Table 4, t1_2 is of the order 1.5 ù 104 to388

1.5 ù 105 years.389

3.2. E�ects of an influx of salts on the overall dynamics390

Now, adding a flux of salts from the core, we will discuss how the qualitative evolution of the system with time391

depends on the parameters Bsalts and K , before discussing the two main regimes of salts transport through the HP ice392

layer as a function of the buoyancy number.393

3.2.1. Qualitative e�ects of Bsalts and K on the evolution of the system394

In the rest of the results section, we analyse the runs of the study case #2 detailed in Table 1, starting with395

a qualitative analysis of the e�ects of the buoyancy number and the partition coe�cient on the evolution of the396

concentrations in salts of the ocean and the HP ice layer over time. When Bsalts is 0, the salts have no impact on the397
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Figure 5: Snapshots of the evolution in time of 1_12 of the HP ice layer for a Rayleigh number Raq = 107, a radius
ratio � = 0.8, a partition coefficient K = 1 and a buoyancy number Bsalts = 10. The top (resp. bottom) panels show the
temperature (resp. composition) inside the ice shell for a) t = 10*5, b) t = 4.5 ù 10*4, c) t = 7.5 ù 10*3 and d) t = 4 ù 10*2.
Note that colorbars differ between panels.

ice density and the salts/ice mixture has the same density as pure ice. In that case, the salts are transported passively398

through the HP ice layer until they reach the ocean. This is what happens in Fig. 6.a, the concentration of salts in the399

ocean is increasing steadily with time as the salts are easily transported by thermal convection from the core to the400

ocean. On the other hand, the higher the buoyancy number, the higher the density of the salts/ice mixture compared401

to pure ice. As can be seen in Fig. 6.d for Bsalts = 10, the concentration of salts in the HP ice layer is continuously402

increasing because the salts mostly accumulate at the bottom of the HP ice layer, thus the density of the HP ice and403

salts mixture increases with time. However, a part of this mixture still rises through the ice and reaches the ocean. At404

the beginning of the simulation, the concentration of salts in the ice is small enough to allow a part of the salts/ice405

mixture to rise e�ciently through the ice and the ocean concentration of salts increases rather strongly (fig. 6.b). After406

a certain amount of time, the proportion of salts becomes higher in the ice shell, less salts are reaching the ocean and407

the rate of increase of ocean salt concentration stabilizes to a smaller value (fig. 6.b).408

The partition coe�cient of the salts between the ocean and the HP ices at the top interface controls the amount409

of salts trapped in the ice when a part of the ocean freezes at the top interface. When K = 0, salts are not trapped in410

the ice during the re-crystallisation of the liquid water and, as can be seen in Fig. 7.c, after a certain amount of time,411
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Table 2
Time t1_2 required to evolve halfway to the steady-state concentration.

K Bsalts t1_2

1

0 2 × 10−5

0.1 1.5 × 10−5

0.5 9 × 10−6

1 6 × 10−6

3 3 × 10−6

10 10−6

0.001

0

2 × 10−5

0.1
0.5
1
3
10

the concentration of salts in the HP ice layer reaches a compositional steady state. Indeed, as Bsalts = 0 and K = 0,412

after the onset of convection, the amount of salts entering the HP ice layer from the core is similar to that entering the413

ocean at each time step, which leads to this quasi-steady state. On the other hand, the higher the partition coe�cient,414

the higher the amount of salts trapped during the re-crystallisation at the interface. In the case Bsalts = 0 and K = 1,415

the concentration of salts in the HP ice layer continues to increase over time, as well as the concentration of salts in416

the ocean, as shown in Fig. 7.b and Fig. 7.d.417

All the runs have been performed for an e�cient phase change at top, with a phase change number � = 10*2. For418

this reason, whatever the buoyancy number and the partition coe�cient, the ice in the ascending hot plumes that reaches419

the ocean melts at its contact, the boundary is permeable and the radial velocity at the top is much higher than 1. The420

convection pattern is the same for all cases shown in Fig. 8, composed of upwelling hot plumes and downwelling cold421

and broad currents. For the case Bsalts = 10, the salts significantly increase the salts/ice mixture density. Therefore,422

they accumulate just above the interface between the core and the ice, as can be seen on the compositional field of423

Fig. 8.c, which increases the bottom temperature (See 3.2.3) and leads to an ocean very poor in salts as shown on424

Fig.6.b. In contrast, in Fig. 8.a and 8.b for Bsalts = 0, the salts follow the heat convection pattern, as the salts have no425

or a low e�ect on the ice density for low values of the buoyancy number. Also, the ice is on average richer in salts in426

Fig. 8.a due to the higher partition coe�cient.427

3.2.2. Compositional flux accuracy428

To check the accuracy of the numerical treatment of the flux of salts we impose at the interface between the core429

and the HP ice layer, defined in 2.2.2 and set to Fsalts = 1 in the second series of runs (#2 in Table 1), we compute the430

total rate of increase of the salt concentration in both layers and divide it by the surface of the lower interface between431

the ice and the core, which should be equal to the target flux coming from the core:432

F e�

salts =
�CiV i + �CoV o

4⇡r*2�t
, (27)

with �Ci (resp. �Co) the variation of the salt concentration in the ice (resp. ocean) over �t. The numerical accuracy433

analysis is available in appendix 6.434

3.2.3. Time evolution435

Let us now turn to a systematic exploration of the e�ect of the various control parameters. Figure 9 shows the436

rate of change of the concentration in salts of the ocean dCo_ dt and the HP ice layer dCi_ dt as function of the salts437

buoyancy number and for various values of the partition coe�cient K . These rates are computed over a time period438

chosen after the stabilization of the concentration slope in the two layers (See § 3.2.1), here between t1 = 10*2 and the439
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a) Ocean, Bsalts = 0                                                                b) Ocean, Bsalts = 10

  c) HP ice, Bsalts = 0                                                               d) HP ice, Bsalts = 10

Figure 6: Evolution of the ocean a)&b) and HP ice layer c)&d) average concentrations of salts as function of time for
a buoyancy number a)&c) Bsalts = 0 and b)&d) Bsalts = 10. Both a)&c) and b)&d) are for a Rayleigh number of 108, a
partition coefficient of the salts between the ocean and the HP ices at the top interface of K = 10*2 and a radius ratio of
� = 0.9.

end of the runs t2 = 3.8 ù 10*2. Due to the conservation of salts, the expression of the mass balance is:440

(dCo_dt)V o + (dCi_dt)V i

V o + V i =
4⇡(r*)2F e�

salts
V o + V i , (28)

and we note SC the average rate of increase in solid and liquid concentration:441

SC =
4⇡(r*)2F e�

salts
V o + V i . (29)

Since the salt flux at the bottom of the ice layer is equal to one by our choice of scaling, the value of this sum is purely442

geometrical and, for the same ocean radius Ro, depends only on the radius ratio, which defines the thickness of the HP443

ice layer and, consequently, that of the ocean. The thickness of the HP ice (resp. ocean) layer increases (resp. decreases)444

for decreasing values of the radius ratio (there is a factor 2.25 on the thickness d between � = 0.8 and � = 0.9). For the445

ocean radius defined in § 2.2.1 corresponding to a Ganymede-like case, the theoretical value of SC is about 0.43 for446

� = 0.8 and about 0.22 for � = 0.9 (See grey line on Fig. 9.a and Fig. 9.b). As shown on Fig. 9, for low values of the447
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Figure 7: Evolution of the ocean a)&b) and HP ice layer c)&d) average concentrations of salts as function of time for a
partition coefficient of the salts between the ocean and the HP ices at the top interface of a)&c) K = 0 and b)&d) K = 1.
Both a)&c) and b)&d) are for a Rayleigh number of 108, a buoyancy number of Bsalts = 0 and a radius ratio of � = 0.9.

buoyancy number (Bsalts f 0.6 for � = 0.8 and Bsalts f 0.5 for � = 0.9), the value of both rates of change (ocean and448

ice) equals the value of SC for K = 1. From eq. 28, we can compute the two extreme cases for which the rate of change449

in the ice dCi_dt or in the ocean dCo_dt is 0, meaning that all the salts are transported to the other layer, which gives450

us its maximum rate of change. These maximum values, around 0.86 * 0.87 for both layers for � = 0.8 (because both451

volumes are similar in that case) and about 0.29 in the ocean and 0.97 in the ice for � = 0.9, are represented on Fig. 9452

by a red dotted line for the ocean and an orange dashed line for the ice. As can be expected, dCi_dt tends towards its453

maximum value for increasing values of the buoyancy number, which for all values of K is reached for Bsalts ¿ 1.454

On the other hand, dCo_dt tends towards its maximum value for decreasing values of the buoyancy number and low455

values of K , that is for K ø 0.1 and Bsalts ø 0.5.456

According to Fig. 9, the proportion of salts in the ocean compared to the proportion in the ice shell reverses at a457

certain buoyancy number, which is the limit between the low buoyancy number regime and the high buoyancy number458

regime. For Raq = 108 this limit is around Bsalts = 0.6 for � = 0.8 (see Fig. 9.a) and between Bsalts = 0.5 and 0.6 for459

� = 0.9 (see Fig. 9.b). For each partition coe�cient, the closer the buoyancy number is to this limit value, the closer460

dCo_dt and dCi_dt become. For Bsalts ranging from Ì 1 to 10, dCi_dt is close to the maximum value identified with461

eq. 29, leading to a similar concentration in salts in the ice at the end of the runs in all three cases presented here. The462

rate of change of the concentration in the ocean dCo_dt in those cases is < 10*1. This is consistent with the fact that463
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Figure 8: Snapshots of 1_12 of the HP ice layer after stabilization of the slopes of concentration increase in the ocean and
in the ice over time at t Ù 4 ù 10*2 for a Rayleigh number Raq = 108, a radius ratio � = 0.8. The top (resp. bottom) panels
show the temperature (resp. composition) inside the ice shell for a) K = 1 and Bsalts = 0, b) K = 10*2 and Bsalts = 0, c)
K = 10*2 and Bsalts = 10. The maximum concentration of salts in the HP ice layer for c) is about 0.57 but the color bars
have been limited to 5 ù 10*4 in order to have more information about what happens in the bulk of the ice shell. Note that
colorbars differ between panels.

the salts accumulate at the bottom of the ice shell, preventing an e�cient transfer of salts toward the ocean. For low464

values of the buoyancy number, Bsalts < 0.6, the salts have a very low impact on the ice density and are transported465

easily by convection in the solid state through the HP ice layer. In those cases, the range covered by dCi_dt as function466

of Bsalts is very large, because almost the entire amount of salts coming from the core are transported into the ocean467

and the evolution of the salts concentration in the ice shell depends mostly on the amount of salts trapped into the ice468

when a part of the ocean at the interface with the HP ices refreezes and is accreted to the ice, which is controlled by469

K . In Fig. 9, this is reflected in the fact that dCi_dt decreases with decreasing values of the partition coe�cient, while470
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Figure 9: Rate of change of the concentration in salts of the ocean (÷) and of the HP ice layer (ù) over time as function
of the salts buoyancy number for a radius ratio a) � = 0.8 and b) � = 0.9. This has been computed for various values of
K, for a Rayleigh number of Raq = 108 and a zero initial concentration Cini in the ocean and in the HP ice layer. The grey
line is the result of eq.29 and the two other lines are the maximum rate of change that can be reached in the ocean (red
dotted line) and in the ice (orange dashed line).

it is exactly equal to dCo_dt for K = 1, for which the amount of salts trapped into the ice at the interface is maximal.471

In Fig. 9.a and b, for Bsalts = 10*1, dCi_dt for K = 0 and K = 10*3 are swapped compared to what we could expect.472

Indeed, the values of dCi_dt are really low and fall within the error bar computed in appendix 6. The values of dC_dt473

also tend to get mixed up for Bsalts Ì 0.5, which corresponds to the transition between a well mixed ice layer and a474

stratified one. In this transitional region of the parameter space, fluctuations are important and make the determination475

of dC_dt subject to more uncertainty than in the two end-member regimes. For the concentration of salts in the ice,476

the value of K has nearly no e�ect for Bsalts ¿ 1 but a significant e�ect for Bsalts < 0.6.477

While the ocean is considered homogeneous by construction of the model, the salts concentration is not uniform478

in the HP ice layer and their distribution in the shell is controlled by the values of the partition coe�cient and the479

buoyancy number. Figure 10 shows the profiles of temperature (left panels) and composition (right panels) in the HP480

ice layer for a partition coe�cient of 1 and various values of the buoyancy number at di�erent times of the runs.481

These times are similar between the three presented cases, Bsalts = 0, Bsalts = 0.7 and Bsalts = 10 in order to make482

the comparisons relevant. For a buoyancy number Bsalts = 0 the salts have no e�ect on the density. Therefore, the483

temperature curves through the ice shell (fig. 10.a) have a classical shape for the boundary conditions of the problem,484

with ÉT + = 0 as set in equation 21 and a thermal boundary layer at the bottom, which does not thicken in time. In terms485

of composition (fig. 10.b), the concentration of salts is slightly higher around the height at which they are added to the486

ice shell (see § 2.2.2) but the overall layer is poor in salts because they are easily transported by convection as they487

have no impact on density in that case. Due to the value of the partition coe�cient, K = 1, the concentration of salts488

in the bulk increases as fast as in the ocean with time. For Bsalts = 0.7, a buoyancy number just above the limit value489

for Raq = 108 and � = 0.8 (see Fig.9), the temperature profile evolves a lot more with time (fig. 10.c). At the onset of490

convection and until t Ì 1.69 ù 10*2, there is a classical thermal boundary layer at the bottom, which thickens with491
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Figure 10: Profiles of the temperature and the salts concentration in the HP ice layer as function of the radius at different
times of the simulation. This figure is for a partition coefficient K = 1, a Rayleigh number Raq = 108 and a radius ratio
� = 0.8. Panels a) & b) are for Bsalts = 0, c) & d) for Bsalts = 0.7 and e) & f) for Bsalts = 10.
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time. Around this time, a layering seems to happen and there are two separate thermal boundary layers. In that case,492

a salts-rich layer develops at the bottom of the ice shell and it thickens with time (fig. 10.d). Finally, for a very high493

buoyancy number Bsalts = 10, there is already a layering of the convection and two thermal boundary layers at the494

bottom early in the simulation. Also, the mixture of salts and ice that forms the lower, highly salted layer is so dense495

that the salts can hardly be carried by convection to the upper layer, which thus remains lighter than this salts-rich496

lower layer.497

498

3.2.4. Salts transport499
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Figure 11: a) Profile of the concentration in salts at the bottom of the HP ice layer divided by the maximum concentration
max(Ci) as function of the radius for various values of the buoyancy number. b) Maximum concentration in salts of the
HP ice layer max(Ci) as function of time. c) Maximum concentration in salts of the HP ice layer max(Ci) for various values
of the Rayleigh number as function of Bsalts. This figure is for a partition coefficient K = 10*2 and a radius ratio � = 0.8.
a) and b) are for a Rayleigh number Raq = 108. a) and c) are time-averaged over a period between t1 = 2.6 ù 10*2, chosen
after the stabilization of the concentration slopes (See § 3.2.1) in the ocean and in the ice, and t2 Ù 3.9 ù 10*2 the end of
the simulation.

In this part, we study the e�ect of the buoyancy number on the salts distribution through the HP ice layer (fig. 11.a)500

and the evolution of the maximum concentration in salts with time (fig. 11.b) and as function of Bsalts (fig. 11.c). We501

also analyze the temperature, radial velocity, thermal and compositional advection profiles for low (fig. 12) and high502

(fig. 13) values of the buoyancy number separately. The thermal advection reflects how heat is transferred through the503

shell and can be written from eq. 5 as w� ÉT . The compositional advection reflects how the salts are transported by504

convection and can be written from eq. 6 as w�Ci. We chose a time period after the stabilization of the concentration505

slope in the ocean and in the ice (See § 3.2.1), here from t1 = 2.6ù10*2 to the end of the simulation t2 = 3.9ù10*2. The506

panels a) and c) of Fig.11 and all profiles of Figures 12 and 13 are time-averaged on this period. This period is long507

enough for these parameters to evolve a lot, in particular the concentration of salts and the temperature. Therefore,508

these two curves are built by dividing the relevant parameter by a reference value: the bottom temperature ÉT * for509

Figures 12.a and 13.a and the maximum concentration max(Ci) for Fig.11.a, before averaging over time. Figure 11.b510

shows the evolution of the maximum concentration as function of time for Raq = 108 and various values of the511

buoyancy number, while Fig. 11.c shows the time-averaged value of the maximum value as function of the buoyancy512

number for various Rayleigh numbers.513

It is clear in all panels of Fig.11 that there is a very marked separation between two regimes: one for low values514

of the buoyancy number and one for high values of the buoyancy number. On Fig. 11.c, we can observe that the515

di�erence in maximum salts concentration between low and high values of the buoyancy number becomes larger with516

higher values of Raq . Also, the limit between low and high values of the buoyancy number for Raq = 108 is very517

clear in Fig. 11.c, with an inflection point between Bsalts = 0.5 and Bsalts = 0.6. These limit values increase with518

increasing Rayleigh numbers (See Fig. 11.c). These two regimes are also visible on Fig.11.b. For low values of the519

buoyancy number the salts are easily transported through the HP ice layer and most of the salts coming from the core520

go into the ocean. As the partition coe�cient is small here, K = 10*2, the amount of salts trapped in the ice at the521
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Figure 12: Profiles of a) the temperature divided by the bottom temperature, b) the radial velocity, c) the thermal advection
and d) the compositional advection in the HP ice layer as function of the radius for small buoyancy number Bsalts f 0.5.
This figure is for a partition coefficient K = 10*2, a Rayleigh number Raq = 108 and a radius ratio � = 0.8. The parameters
shown on the four panels are time-averaged over a period between t1 = 2.6 ù 10*2, chosen after the stabilization of the
concentration slopes (See § 3.2.1) in the ocean and in the ice, and t2 Ù 3.9 ù 10*2 the end of the simulation.

interface with the ocean is very low and the HP ice layer reaches a compositional steady-state. The case Bsalts = 0.5 is522

an intermediate case, with a final maximum concentration slightly higher than that for low values of Bsalts but it seems523

to also reach a compositional steady-state, unlike the cases for high values of Bsalts. Regarding the concentration in524

salts divided by the maximum concentration (fig. 11.a), in the upper part of the HP ice layer it depends only weakly525

on Bsalts. In this part the buoyancy number has no e�ect on the thermal convection because the salts concentration is526

small for large values of Bsalts and does not a�ect the density for small values of Bsalts and all the salts reaching this527

part go into the ocean. The value of the concentration in this upper part is mainly controlled by the partition coe�cient528

K . In the lower part, two regimes can be observed, depending on the value of the buoyancy number. In the first case,529

for a buoyancy number Bsalts f 0.5, the lower part is slightly enriched in salts, as can be seen on Fig. 11.a and b, due to530

the way the flux of salts is modeled. A concentration of salts corresponding to the desired compositional flux is directly531

added to the ice shell at each time step at a certain height, here h = 0.05 (See § 2.2.2), which corresponds more or less532

to the maximum of the concentration in this salt-poor layer. In the regime for high values of the buoyancy number,533

Bsalts > 0.5, the density of the salts/ice mixture is so much larger than that of pure ice that the salts accumulate at the534

bottom of the HP ice layerIt creates a highly salted layer (See Fig. 11.a and Fig. 11.b) thicker than in the cases with535
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Figure 13: The same as in Fig. 12 but for Bsalts > 0.5.

a low buoyancy number. This thickening is probably due to a modest entrainment by the thermal convection above536

which transports a small part of the salts to the top and leaves the rest at the bottom.537

In Fig. 12, for low values of the buoyancy number, the shape of the di�erent curves corresponds to what we could538

expect with pure ice (Lebec et al., 2023). In Fig. 12.a there is a classical thermal boundary layer at the bottom of the539

shell and a temperature of almost 0 in the rest of the layer due to the temperature boundary conditions (See § 2.1.2).540

Also, the thermal boundary layer does not change significantly with variable values of Bsalts. In this regime, the541

thermal advection curves plotted in Fig. 12.c increase with radius in the thermal boundary layer until reaching a value542

of around Ì 1 in the rest of the shell, which is the value needed to balance the imposed flux at the bottom boundary.543

The compositional advection (fig. 12.d), on the other hand, is just slightly negative under the part where the salts are544

added to the HP ice layer and increases in the rest of the thermal boundary layer until reaching Ì 1, which is also the545

value of the imposed influx at the bottom. Concerning the radial velocity (fig. 12.b), the inflection at the bottom is due546

to the rigid boundary condition and in the rest of the shell it decreases for increasing values of Bsalts.547

For the high buoyancy number regime, the same parameters are displayed in Fig. 13. In those cases, in Fig. 13.a,548

there is an inflection point of temperature at a radius grossly set by the position at which salts are introduced in the549

shell (See 2.2.2) and there are two thermal boundary layers, which is a sign of layering of the convection (It can be550

observed on Fig. 8). A few tests varying the position of salts introduction (not shown) have confirmed that it sets551

the thickness of the bottom layer. Beside this, this choice has no e�ect on the dynamics. The inflection gets more552
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pronounced for increasing values of the buoyancy number Bsalts. The thermal advection (fig. 13.c), increases with553

height classically along the first thermal boundary layer at the bottom, then decreases until reaching a local minimum554

between the two convective layers before increasing again along a second thermal boundary layer. The compositional555

advection (fig. 13.d), is negative at the bottom of the HP ice layer, implying that the salts are transported downwards,556

which is consistent with a layering of the convection. The compositional advection is low in the rest of the HP ice layer557

due to the fact that most of the salts remain at the bottom of the shell. The point where the thermal and compositional558

advection profiles reach their local minima is the interface between the two distinct convective layers. The thickness of559

the lower convective layer is essentially set by the height at which the salts are added, which is somewhat arbitrary in560

the model. Therefore, the exact value of the thickness of this layer is not relevant, but we think this e�ect would occur561

naturally because of the way the salts/water mixture should rise through the ice before recrystallizing (See Fig. 1.b).562

This layering of the convection is also a�ecting the radial velocity profile (fig. 13.b), which shows a local maximum563

in the middle of the lower layer while the upper layer has a shape similar to that obtained for the whole ice layer in the564

low buoyancy number regime.565

To summarize, two distinct dynamical regimes exist depending on the value of Bsalts. Also, from Fig. 11.c, the566

critical buoyancy number for which we switch between the two regimes depends mainly on the Rayleigh number567

Raq . Therefore, we can build a regime diagram which allows us to separate the stratified convection cases from the568

well-mixed ones depending on Bsalts and Raq , as shown on Fig. 14. Determining the exact value of Bsalts for the569

regime change for a given Raq would require to compute solutions for a much larger number of Bsalts values. Looking570

at various profiles, as shown in Fig.11.a, Fig. 12 and Fig. 13, allows us to bracket the transition value of Bsalts. For571

each value of Raq available in this study, this method gives us an interval for Bsalts over which the transition occurs572

and Fig. 14 shows the medians of each interval as points and the lengths as error bars.

Figure 14: Regime diagram showing the separation between well-mixed and stratified convection regimes depending on
the buoyancy number Bsalts and the Rayleigh number Raq.

573

3.3. Scaling laws574

Several scaling laws can be proposed in order to quantify the e�ect of salts on the mass transfer e�ciency through a575

HP ice layer, such as the root-mean-square (RMS) radial velocity at the top interface with the ocean and the temperature576

at the bottom interface with the core as function of the Rayleigh number, and the ratio of outflow to the ocean and inflow577

from the core as function of the buoyancy number.578
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Table 3
Values of the scaling coefficients for the laws wtop = cwRapw

q and Nu = cTRapT
q for � = 0.8 and � = 0.9, with K = 10*2

.
� = 0.8 � = 0.9

wtop Nu wtop Nu
Bsalts cw pw cT pT cw pw cT pT
0.0 0.13 0.51 0.25 0.24 0.18 0.5 0.3 0.23
0.1 0.17 0.49 0.22 0.25 0.15 0.51 0.25 0.24
0.3 0.1 0.52 0.15 0.27 0.14 0.5 0.21 0.25
0.5 0.22 0.46 0.04 0.33 0.36 0.44 0.03 0.35
1 0.1 0.52 0.14 0.25 0.17 0.49 0.22 0.22
3 0.19 0.49 0.21 0.22 0.19 0.49 0.29 0.2
10 0.14 0.5 0.17 0.24 0.18 0.49 0.3 0.2

Both the radial velocity at the top and the bottom temperature are important output parameters to quantify the579

e�ciency of the heat and mass transfer through the HP ice layer. A higher radial velocity at the interface with the580

ocean means more e�cient mass transfer through the boundary, while the bottom temperature is directly related to581

the amount of melt at the interface between the core and the HP ice shell. According to Lebec et al. (2023), a relation582

exists between the radial velocity and the Rayleigh number wtop = cwRa
pw
q and also between the Nusselt number Nu,583

the dimensionless heat flux, and the Rayleigh number Nu = cT Ra
pT
q , with cw, pw and cT , pT the scaling coe�cients for584

these two laws. In our case of a fixed heat flux, the Nusselt number is defined as Nu = 1_� ÉT , with � ÉT = ÉT + * ÉT * the585

mean dimensionless temperature di�erence between the upper and the lower boundaries, which allows us to compute586

the dimensional horizontal average bottom temperature T *. For the case without salts (Lebec et al., 2023), we obtained587

the following scaling exponents: pw = 1_2 and pT = 1_5.588
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a)                                                                                                         b)

Figure 15: a) Dimensionless radial velocity at the top boundary of the HP ice layer and b) Nusselt number, Nu = 1
�T

with
�T the dimensionless temperature through the ice shell, as functions of the Rayleigh number for various values of Bsalts,
a radius ratio � = 0.8 and a partition coefficient of salts between the ice and the ocean fixed to K = 10*2.

These two relations have been plotted in Fig. 15 for K = 10*2, � = 0.8 and various values of the buoyancy number589

and there are several important points to note. First of all, the scaling exponents are in the range pw = 0.49 * 0.52590
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for wtop, which is about 1_2, and pT = 0.22 * 0.27 for Nu, which is about 1_4. The exponent for the Nusselt number591

is slightly higher than the one obtained in Lebec et al. (2023) for a radius ratio of � = 0.95. The scaling coe�cient592

pT presented in Table 3 for a radius ratio � = 0.9 is between 1_5 for high values of the buoyancy number, which593

corresponds to the coe�cient we obtained in Lebec et al. (2023) for the same radius ratio, and 1_4 for low values of594

the buoyancy number, which corresponds to the coe�cient we obtain here for � = 0.8. This could explain the higher595

value obtained in Fig.15.b for � = 0.8. The very high power-law exponent pT = 0.33 obtained for Bsalts = 0.5 has been596

excluded from the previous ranges as it seems to be a transitional case between the low and high buoyancy numbers597

regimes. For a Rayleigh number Raq = 107, Bsalts = 0.5 falls in the high buoyancy number regime, the salts have598

a large e�ect on the ice density and the Nusselt number is closer to the ones for high buoyancy numbers, while for599

Raq = 109 the salts have almost no e�ect on the density and the Nusselt number is closer to the values for low buoyancy600

numbers.601

The addition of salts in the problem, irrespective of the value of the buoyancy number, does not seem to have a602

significant e�ect on the radial velocity at the top, at least for this range of Rayleigh numbers, meaning that the buoyancy603

a�ects the amount of salts transported via the salt/ice mixture into the ocean through the HP ice layer, but not so much604

the velocity at which the transfer occurs. Also, as the salts increasingly accumulate at the bottom of the HP ice layer605

when the buoyancy increases, one would think that the radial velocity at the top is likely to be lower for higher values606

of Bsalts. This, however, is not what is observed in Fig. 15.a; instead, the lowest radial velocities are obtained for the607

cases Bsalts = 0.3 and 0.5. This could be due to the layering of the convection for high values of the buoyancy number.608

In that case, the salts accumulate in the lower convective layer and the amount of salts in the upper convective layer,609

closer to the surface, is low enough for the convection to remain e�cient. Therefore, the radial velocity is only slightly610

a�ected, but the ice reaching the ocean is less enriched in salts. On the other hand, for Bsalts = 0.3 and 0.5, the salts611

are su�cient to a�ect the ice density and slow down the exchanges with the ocean, but this e�ect is too small to create612

a layering of the convection, which would allow, as in the previous case for high values of the buoyancy number, to613

maintain e�cient convection in the upper layer. In this range of values, the ice reaching the ocean is more enriched in614

salt but the overall mass transfer across the interface is slowed by their e�ect on the ice density.615

On the other hand, salts have a strong e�ect on the Nusselt number for high values of the buoyancy number and the616

temperature is increased by a factor between 1.5 and 2. As already stated, the formation of a stable, highly-salted layer617

at the bottom of the HP ice layer for high values of the buoyancy number leads to stratification of convection, which618

is less e�cient at transporting heat. Therefore, it leads to a significant increase of the bottom temperature (Fig. 15.b),619

meaning more melt at the interface between the core and the HP ice.620

The percentage of salts entering from the core that reach the ocean can be computed from the flow ratio fo, which621

is the ratio of the total flux of salts across the upper boundary F o
salts, which includes salts flowing into the ocean by622

melting of the topography at the interface and salts accreted to the ice by freezing of a small portion of the ocean, to623

the actual flux of salts coming from the core F e�

salts Ì 1 computed by eq. 27:624

fo =
F o
salts(r

+)2

F e�

salts(r*)2
. (30)

This parameter is plotted on Fig. 16 as function of the buoyancy number for various values of the partition coe�cient.625

As can be seen comparing Fig. 16.a and Fig. 16.b the flow ratio of salts fo at the interface between the ice and the626

ocean is higher for a radius ratio � = 0.9. The same can be observed for the bottom temperature and the top radial627

velocity, which are higher in that case (according to the scaling laws coe�cients available in Table. 3). On Fig. 16.a628

we can observe that the flux of salts through the top interface is independent of Bsalts for small values of Bsalts but629

decreases with the buoyancy number for values larger than around 1. It is consistent with the fact that even if the radial630

velocity is relatively stable, the quantity of salts transported through the HP ice layer decreases with an increase of the631

buoyancy number. fo also decreases with increasing values of the partition coe�cient, because the greater the quantity632

of salts trapped in the ice during freezing at the top boundary, the lower the net flux of salts towards the ocean. Finally,633

Figure 16 shows that for Bsalts g 1, fo is roughly inversely proportional to Bsalts, fo = cFB*1
salts, which can easily634

be explained. Indeed, for Bsalts g 1, the amount of salts transported by convection in the upper layer decreases for635

increasing values of the buoyancy number. In those cases, the e�ective buoyancy number in the upper convective layer636

is proportional to �CiBsalts, with �Ci the concentration of salts e�ectively realised in the upper layer, and should be637

less than or nearly equal to 1 for the salts to be easily transported by convection in the upper convective layer. It means638

that �Ci scales as 1_Bsalts. Also, as the convection in the upper layer is e�cient (Be� f 1), the flux of salts F o
salts639
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a)                                                                                                     b)

Figure 16: Flow ratio of salts through the ocean/ice interface fo as function of the buoyancy number Bsalts for various
values of K and a Rayleigh number Raq = 108. a) is for a radius ratio � = 0.8 and b) for � = 0.9. Both panels display the
relation fo = cFB

pF
salts (straight lines) for high values of the buoyancy number with cF , pF the scaling coefficients.

across the ice/ocean interface is the same as the flux of salts entering the upper layer from the lower one and should640

be F o
salts Ì �Ciwtop. Therefore, for a fixed radial velocity at the top, F o

salts scales as 1_Bsalts. From eq. 30, for a fixed641

value of the flux of salts F e�

salts entering the ice from the core, fo also scales as 1_Bsalts.642

As shown on Fig. 16, for high values of the buoyancy number, the fraction of salts from the core that ends up in the643

ocean is on the order of 0.1 to a few percent, depending on the buoyancy number and the partition coe�cient, while it644

is around 50% for low values of the buoyancy number and a partition coe�cient of 1 and in the range 75 * 100% for645

low values of the buoyancy number and lower partition coe�cients.646

3.4. Applications to Ganymede647

The results discussed in the previous section for K = 10*2 can be applied to specific planetary bodies. We use648

Ganymede as an example because its thick layer of HP ices could be considered an unfavourable environment for salts649

transfer, thus making it particularly interesting to estimate the e�ciency of salt transfer from the core to the ocean.650

With a core radius of about 1 800 km and a total radius of 2 634 km (Hussmann et al., 2015), Ganymede is composed651

of a thick hydrosphere of about 834 km (See Table 4 for more details). The thickness of the HP ice layer is written as652

function of the core radius and the radius ratio � as:653

d = R*
0

1 * �
�

1

. (31)

For the radius ratios considered in Table 1, this gives a HP ice thickness between 200 and 450 km, which is in the654

actual range considered for Ganymede (Bland et al., 2009). As the radius ratio � = 0.8 is the least favourable one in655

terms of radial velocity at the top, bottom temperature and e�ective flux of salts towards the ocean, all the following656

calculations are made for this case. First of all, the Rayleigh number can be computed for values in Table 4, with a657

viscosity of ice VI ⌘ = 1015 Pa s and a heat flux from the core q = 20 mW m*2 as reference values (Kalousová et al.,658

2018):659

Raq =
↵gq⇢d4

k⌘
= 4 ù 1011

0

q
20 mW m*2

10

d
450 km

140 ⌘
1015 Pa s

1*1
, (32)
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Table 4
Numerical application table for Ganymede. Most values (if not indicated otherwise) are from Kalousová et al. (2018).
a Hussmann et al. (2015).
b Grasset et al. (2013); Sotin and Tobie (2004).
c Computed from R* for � = 0.8 (max thickness) and � = 0.9 (min thickness).

Parameter Symbol Ganymede Unit
Thermal expansivity ↵ 1.5 ù 10*4 K*1

Gravity g 1.6 m s*2

Thermal conductivity k 1.6 Wm*1K*1

Thermal diffusivity  4.3 ù 10*7 m2s*1

Reference density ⇢ 1390 kgm*3

HP ice viscosity ⌘ 1015 * 1017 Pa s
Heat flux for silicate core q 10 * 40 mWm*2

Radius R 2 634a km
Core radius R* 1 800a km
Ocean radius Ro 734 * 784 km
Hydrosphere thickness dh 834 km
Crust Ih thickness dIh 50 * 100b km
HP ice thickness d 200 * 450c km
Bottom melting temperature T *

m 332 K

which puts the HP ice layer of Ganymede in the large Rayleigh number regime of convection for any reasonable choice660

of parameter values.661

We can use the scaling laws obtained earlier (fig. 15) to compute the radial velocity at the top and the bottom662

temperature for � = 0.8 and various values of the buoyancy number, using the same reference values as for the Rayleigh663

number computed in eq. 32. Here we start with Bsalts = 1:664

wtop =0.1Ra
0.52
q


d
= 3.3 m yr*1

0

q
20 mW m*2

10.520 d
450 km

11.080 ⌘
1015 Pa s

1*0.52
, (33)

665

1
� ÑT

=0.14Ra
0.25
q

k
qd

= 1.98 ù 10*2 K*1
0

q
20 mW m*2

1*0.750 d
450 km

100 ⌘
1015 Pa s

1*0.25
. (34)

Extrapolating the values from Kalousová et al. (2018) for a HP ice thickness of 450 km, the temperature T + at the666

interface between the ice and the ocean is equal to the melting temperature which is about 275 K. Therefore, still for667

Bsalts = 1, the dimensional horizontal average bottom temperature ÑT * for the reference values of all parameters is:668

ÑT * = � ÑT + T + = 326 K (35)

The bottom temperature is on average very close to the melting temperature for pure water ice, T *
m = 332 K, which669

would imply the existence of at least pockets of melt at the interface with the core, especially as the presence of salts670

decreases the melting temperature. The actual value T *
m = 332 K comes from Kalousová et al. (2018) and has been671

computed for pure water ice. In the present case (Bsalts = 1 and Raq = 1 ù 108), the salts accumulate at the bottom of672

the ice layer, lowering the melting temperature and thus increasing the melting capacity at the interface. As previously673

stated, for a buoyancy number Bsalts = 1, the accumulation of salts at the interface between the core and the ice674

leads to a stable, highly-salted layer at the bottom of the HP ice layer and to the stratification of convection. Stratified675

convection being less e�cient in transporting heat, leads to the increase of the bottom temperature. Both these e�ects676

on temperature and melting temperature eventually lead to the total melting of this highly-salted layer.677

We have also performed these calculations for � = 0.9 from the data available in Table 3 and for Bsalts = 0 and678

Bsalts = 1 in order to compare the e�ect of low and high values of the buoyancy number on the radial velocity at top679
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Table 5
Results of the numerical application for Ganymede from values of Table 4 for rescaling and for K = 10*2. Results for � = 0.8
are computed from scaling laws available in Fig. 15 and in Table 3. Results for � = 0.9 are computed from scaling laws
available in Table 3. Values for T + come from Kalousová et al. (2018) for d = 200 km and extrapolated for d = 450 km.

� d(km) Raq Bsalts wtop(m yr*1) 1_� ÑT (K*1) ÑT *(K) T +(K)

0.8 450 4 ù 1011
0 3.2 2.7 × 10−2 312 275
1 3.3 1.98 × 10−2 326 275

0.9 200 1.6 ù 1010
0 1.5 2.6 × 10−2 347 309
1 1.1 1.5 × 10−2 374 309

and the bottom temperature. All the results are displayed in Table 5. For Bsalts = 0, the salts have no e�ect on the ice680

density and are transported passively through the HP ice layer. Therefore, the salts do not a�ect the dynamics and we681

fall back on the pure ice study case (Lebec et al., 2023). On the other hand, for a high buoyancy number Bsalts = 1682

the top radial velocity is of the same order of magnitude as for Bsalts = 0, and the bottom temperature is higher. In683

addition, the accumulation of salts decreases the melting temperature, which means that the higher the amount of salts,684

the higher the melting capacity. For � = 0.9, the bottom temperature is much higher, but the Nusselt number is close685

to the one obtained for the corresponding runs with � = 0.8 due to the thinner HP ice shell. The bottom temperature is686

also much higher than the corresponding melting temperature T *
m = 332 K for pure water ice and we expect substantial687

melting to occur in that case. The top radial velocity is on average two to three times smaller for � = 0.9, compared to688

� = 0.8, for a Rayleigh number 25 times smaller, also a consequence of the thinner HP ice layer.689

The e�ective dimensional flux of salts F from the core per unit surface area can be estimated for values of the690

buoyancy number from 0 to 10, using eq. 9 and values from Table 4. Considering the reference value of the heat flux691

q = 20 mWm*2, it gives us a range F = 0*2.5ù10*4m yr*1. This can be used in accordance with Fig. 16 for � = 0.8692

to estimate a first range of the amount of salts transported across the ocean boundary per unit time. For high values693

of the buoyancy number, the fraction of the salts entering from the core that reach the ocean is on average (depending694

on the value of K) 0.3% for Bsalts = 10 and 3% for Bsalts = 1. This means that for high values of the buoyancy695

number the average flux of salts across the top boundary is around 7 ù 10*7m yr*1. For a low buoyancy number such696

as Bsalts = 0.1, the equivalent fraction is about 50 to nearly 100% depending on K , the flux of salts across the ice/ocean697

interface is of the order of 10*6m yr*1.698

4. Discussion699

In this study we considered a model with a uniform ice viscosity, while it should depend on pressure, temperature,700

salt concentration and on the fraction of liquid contained in the shell. We already performed a run with a varying701

viscosity in a previous study (Lebec et al., 2023) in order to check this point and the results for a model considering702

purely solid-state convection were quite close to those obtained with a constant viscosity. The di�erence here is the703

presence of salts, that would decrease the melting temperature of the ice. Also, the salts have a double e�ect on the704

e�ciency of the convection, by allowing the salts/water mixture to remain liquid longer during the ascent through the705

bulk, but conversely to increase the ice density, which tends to impede the convection. Therefore, an improvement to706

this model would be to consider a two-phase model of convection in the HP ice layer to study all of these aspects.707

Another limitation of this model that has already been pointed out in § 3.2.4 comes from the way the salts are added708

to the HP ice layer (See § 2.2.2) which a�ects the results of the runs. Indeed, for low values of the buoyancy number,709

the maximum concentration of salts in the shell is around the height at which the salts are added (Fig. 11.a). Also, for710

high values of the buoyancy number, a layering of the convection happens and the two independent convective layers711

separate at around this height (Fig. 13). As shown in Fig. 1.b and explained in the introduction, if a thin layer or isolated712

pockets of melt below the H2O ice layer interact with the core and if this salted water is less dense than pure HP ices,713

it should rise through the HP ice layer. Its temperature would start to decrease until it partially, or totally, refreezes714

along its path (see Fig. 1.b). As we consider only convection in the solid state, this new salts/ice mixture is the focus of715

our study. Therefore, the salts we are studying are integrated into the ice at a given height above the bottom boundary,716

certainly close to the bottom interface, but not directly in contact with the core. This makes our model consistent, even717

if the height at which the salts are added to the ice is chosen arbitrarily and should not be interpreted quantitatively, as718

this height would undoubtedly depend on the type of salt and the implied solidus.719
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As stated in § 2.1.1, we impose a fixed flux of salts from the core, therefore assuming an infinite and continuous720

supply of salts. The amount of salts available is limited and should depend on the quantity of chemical elements capable721

of forming salts initially present in the core after di�erentiation of the planetary body and on their transport toward the722

core surface. A more realistic treatment would require to couple our model to a model for the dynamics and evolution723

of the core, which clearly falls beyond the scope of the present paper.724

The present study shows that the presence of salts and their negative buoyancy makes the bottom temperature725

higher. Combined with their e�ect as a fusing agent in water (which is not modeled here) increases the chances of726

melting at the bottom of the HP ice layer compared to pure ice cases. In the case of a large buoyancy number, which727

leads to progressive enrichment in salts in a lower sublayer, when a certain quantity of salts accumulation at the bottom728

is reached, increasing the temperature at the interface with the core and decreasing the melting temperature, a thin729

secondary ocean between the HP ice layer and the core may appear. This ocean is likely to be very salty and it could be730

interesting to study its stability and its e�ect on the overall dynamics and on heat and mass transfer e�ciency through731

the HP ice layer. In practice, it is di�cult to constrain Bsalts, which is why we chose a wide range of values to cover732

all possible dynamical regimes.733

5. Conclusions734

With this work, we investigate the e�ect of salts on the dynamics of a high-pressure ice shell between a solid core735

and a liquid ocean and on the e�ciency of the transfer of salts between these two layers. Salts a�ect the dynamics736

through their e�ect on the density of the ice/salts mixture, the increase of which relative to the decrease of density due737

to temperature is quantified by the buoyancy number, Bsalts. We model an influx of salts from the core, with a fixed738

heat flux at the bottom boundary, and we consider a mechanical phase change boundary condition at the top interface739

between the ice and the ocean, the e�ects of which on the dynamics and on the heat and mass transfer through a HP740

ice layer have already been studied previously (Lebec et al., 2023). For the sake of simplicity and to understand the741

e�ect of salts only, we chose to consider a uniform viscosity in the HP ice layer and convection in the solid state.742

Partial melting has already been considered in several studies (Kalousová and Sotin, 2018; Kalousová et al., 2018;743

Kalousová and Sotin, 2020) but with only pure ice. All of these e�ects could be interesting to combine in a future and744

more exhaustive study.745

This paper sheds light on some of the questions that had been raised in our previous paper (Lebec et al., 2023). First746

of all, as already studied by Bolrão et al. (2021) in the context of magma oceans, if the ocean starts already salted and747

without an influx of salts from outside of the system, it ends up reaching a steady-state. For what can be considered to748

be low values of the e�ective buoyancy number, depending on the partition coe�cient K of salts between the HP ice749

and the ocean at the top interface (see eq. 8), the system even reaches a chemical equilibrium.750

Modeling an influx of salts from the core by adding a corresponding concentration of salts slightly above the751

interface between the core and the ice, corresponding to what would happen if the salts-enriched water at the bottom752

boundary rose through the bulk before recrystallizing at a certain height, two very distinct regimes can be observed.753

For low values of the buoyancy number, the salts are easily entrained by solid convection and all the salts entering754

the ice from the core reach the ocean. In contrast, for high values of the buoyancy number, the salts accumulate at the755

bottom of the HP ice layer and a layering of the convection happens at a depth corresponding to that at which the salts756

are added to the shell. This height corresponds to the crystallization point of the water/salt mixture, which depends on757

the salts properties. Also, for high values of the buoyancy number, the salts that accumulate at the bottom of the HP758

ice layer should increase the temperature of the salts/ice mixture and decrease the melting temperature, causing the759

formation of a thin secondary salty ocean between the HP ice layer and the core. Studying the e�ect of this secondary760

ocean on the HP ice layer dynamics could be an interesting topic for a future study.761

Interestingly, the radial velocity at the ocean interface scales as a power 1_2 of the Rayleigh number, as for762

convection in pure ice (Lebec et al., 2023) and is only slightly a�ected by the concentration in salts of the HP ice763

layer. The Nusselt number scales as a power 1_5 of the Rayleigh number and the bottom temperature increases with764

the buoyancy numbers. We also obtained a scaling of the ratio of the salts flux across the ocean interface to that from765

the core as function of the buoyancy number and the exponent obtained is *1. These dimensionless scaling laws can766

be applied to any planetary body with an internal structure corresponding to our model. This has been done for the767

case of Ganymede in § 3.4, choosing values in a relevant range for the least well-constrained parameters, such as the768

thickness of the ice, its viscosity and the heat flux from the core. This gives a radial velocity at the ice/water upper769

boundary around 3 m yr*1 for a HP ice thickness d = 200 km and 1.3 m yr*1 for a HP ice thickness d = 450 km,770
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which would imply an e�cient mass transfer through the interface and that salts reaching the interface should all go771

easily into the ocean. It is however di�cult to provide a numerical value for the flux of salts reaching the ocean since it772

depends on the flux entering the ice from the core. A rough approximation for the large range of the buoyancy numbers773

considered in this study gave us a maximum flux around 10*6m yr*1.774

Finally, if the temperature at the interface between the core and the ice reaches the melting temperature, all the salts775

that would enrich the ocean in the case of a small icy moon with a core in direct contact with a liquid ocean would end776

up in the ice in our case, provided the salty water is less dense than the HP ice. From here, two scenarios are possible.777

If the flux of salts from the core is low, in the sense that the buoyancy number is small and the density is only slightly778

larger than that of pure water ice, the transport of salts through the HP ice layer is e�cient and all the salts coming from779

the core reach the ocean. On the other hand, if the flux of salts is large , convection is impeded in the lower part of the780

ice layer but is still possible in the upper part. We have shown that this process transports a fraction of the incoming781

flux such that the e�ective buoyancy number for the upper convecting layer is of order 0.5. In that case, only a small782

fraction of the salts coming from the core would reach the ocean, but considering a stronger flux of salts entering the783

ice, this small fraction could amount to a comparable flux reaching the ocean than in the case of a low flux from the784

core. To conclude about this aspect would require a better knowledge of the salts available in these moons. Therefore,785

future studies and space missions will be needed to better constrain the internal structure and composition of these786

water-rich bodies in order to conclude on their habitability.787
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Appendix 1. Numerical accuracy795

As explained in § 3.2.2, we want to check the numerical accuracy of the imposed flux of salts by computing796

the e�ective flux of salts F e�

salts from eq. 27. Figure 17 depicts F e�

salts as function of the buoyancy number after the797

stabilization of the increase rate of the ocean concentration with time (see § 3.2.1 for more details). The two panels798

show F e�

salts for various values of the buoyancy number and partition coe�cients and contain the worst case among all799

runs of Table 1 in terms of error flux for � = 0.8 (fig. 17a), which is for Bsalts = 3 and K = 10*1 and for � = 0.9800

(fig. 17b), which is for Bsalts = 10 and K = 0. The maximum error, all cases combined, is about 1.6%. This error is801

mostly due to the resolution at the bottom boundary. In the case of a large buoyancy number, the salts pile up at the802

bottom of the HP ice layer over time, which explains why the resolution must increase with Bsalts. The worst case for803

both values of the radius ratio in terms of error flux is for a Rayleigh number of 109 and the resolution must be finer804

for higher Rayleigh numbers. Here we chose to refine the grid at the bottom boundary in order to limit this problem,805

as explained in § 2.2.1. We could further refine this boundary layer and increase the resolution of the simulations but806

increasing the resolution requires more numerical resources for an already very small error.807

References808

Agrusta, R., Morison, A., Labrosse, S., Deguen, R., Alboussière, T., Tackley, P.J., Dubu�et, F., 2020. Mantle convection interacting with magma809

oceans. Geophys. J. Int. 220, 1878–1892. doi:10.1093/gji/ggz549.810

Baland, R.M., Tobie, G., Lefèvre, A., Van Hoolst, T., 2014. Titan’s internal structure inferred from its gravity field, shape, and rotation state. Icarus811

237, 29–41. doi:10.1016/j.icarus.2014.04.007.812

Bland, M.T., Showman, A.P., Tobie, G., 2009. The orbital–thermal evolution and global expansion of Ganymede. Icarus 200, 207–221.813

doi:10.1016/j.icarus.2008.11.016.814

Bolrão, D.P., Ballmer, M.D., Morison, A., Rozel, A.B., Sanan, P., Labrosse, S., Tackley, P.J., 2021. Timescales of chemical equilibrium between815

the convecting solid mantle and over- and underlying magma oceans. Solid Earth 12, 421–437. doi:10.5194/se-12-421-2021.816

Bou�ard, M., Labrosse, S., Choblet, G., Fournier, A., Aubert, J., Tackley, P.J., 2017. A particle-in-cell method for studying double-di�usive817

convection in the liquid layers of planetary interiors. J. Comput. Phys. 346, 552–571. doi:10.1016/j.jcp.2017.06.028.818

Lebec et al.: Preprint submitted to Elsevier Page 30 of 32

http://dx.doi.org/10.1093/gji/ggz549
http://dx.doi.org/10.1016/j.icarus.2014.04.007
http://dx.doi.org/10.1016/j.icarus.2008.11.016
http://dx.doi.org/10.5194/se-12-421-2021
http://dx.doi.org/10.1016/j.jcp.2017.06.028


Effects of salts on large ocean worlds’ internal dynamics

a)                                                                                        b)

10 1 100 101

Bsalts

100

9.84 × 10 1

9.86 × 10 1

9.88 × 10 1

9.9 × 10 1

9.92 × 10 1

9.94 × 10 1

9.96 × 10 1

9.98 × 10 1

Fs
al
ts

ef

K : 0.0
K : 0.001
K : 0.01
K : 0.1
K : 0.3
K : 1.0

10 1 100 101

Bsalts

9.86 × 10 1

9.88 × 10 1

9.9 × 10 1

9.92 × 10 1

9.94 × 10 1

9.96 × 10 1

9.98 × 10 1

Fs
al
ts

ef

K : 0.0
K : 0.001
K : 0.01
K : 0.1
K : 0.3
K : 1.0

Figure 17: Flux of salts from the core as function of the buoyancy number for Raq = 109 and a) � = 0.8 and b) � = 0.9 for
various values of the partition coefficient of the salts between the ocean and the HP ices at the top interface. This flux
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each radius ratio. The residual error is discussed in the text.
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