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ARTICLE INFO ABSTRACT

Keywords: The habitability of large icy moons has long been disputed due to the presence of an high-pressure
Satellites, dynamics (HP) ice layer located between the core and the internal liquid ocean, preventing a direct contact
Ices and facilitated exchanges between both. In our previous study Lebec et al. (2023), we have shown
Interiors that under certain conditions and considering the phase change at the upper boundary of the HP
Ganymede ice shell, heat and mass transfer can occur and be efficient. Now, the aim of this work is to study

the effects of impurities inside the HP ices on the flow dynamics and the mass transfer efficiency
from the core to the ocean. These salts can enter the ice layer either by diffusion, which is a
very inefficient process, or by partial melting at the bottom of the ice layer, if the temperature
is high enough. In that case, the liquid water can interact with the core and get enriched in
salts. This salts/water mixture, which can be lighter than high-pressure ices, could rise through
the ice shell and refreeze. The resulting salts/ice mixture can be transported into the ocean by
convection in the solid state but could also impede it due to its density compared to pure ice.
Therefore, the convection efficiency depends on the buoyancy number By, which is the ratio
of density increase associated with salts compared to the decrease associated to temperature. To
explore the impact of salts, we model a flux of salts from the core and the advection of these
salts using Lagrangian tracers in order to study the effects of the Rayleigh number, the buoyancy
number and K, which is the partition coefficient of the salts between the ocean and the HP
ices at the top interface, on the heat and salts transfer efficiency through the HP ice layer, as
well as the implications for the evolution of salt concentration in the ocean of large icy moons
and ocean worlds. We present a scaling of the bottom temperature and the top radial velocity
Wy, as function of the Rayleigh number Ra, for various values of the buoyancy number and
a scaling of the effective flux of salts across the top interface with the ocean as function of
the buoyancy number for various values of the partition coefficient. We perform a numerical
application for Ganymede and show that depending on the values of the system parameters, a
significant percentage of the salts entering the HP ice layer from the core can efficiently flow
into the ocean.

1. Introduction

Large icy moons have a deep hydrosphere composed of a thin crust of ice Ih at the surface, a liquid ocean and a
layer of high-pressure ices trapped between the ocean and the core (Hussmann et al., 2015). The internal oceans on
Ganymede and Titan, which are the two largest moons of the solar system, are composed of salted water. For Ganymede,
this has been inferred from electromagnetic measurements from the Galileo missions (Kivelson et al., 2002). For Titan,
this has been deduced from gravity (Iess et al., 2010, 2012; Mitri et al., 2014; Baland et al., 2014), tides (Iess et al.,
2012), rotation and shape (Baland et al., 2014) data from the Cassini mission and electromagnetic measurements from
the Huygens probe (Béghin et al., 2012). These moons are mainly composed of rocks and ice and the composition of
their rocky parts is likely to be close to carbonaceous chondrites (Sotin et al., 2021). According to Zolotov and Kargel
(2009), their ocean’s main salt is likely to be MgSO,, which is compatible with the spectra obtained for Ganymede
by the Galileo probe (Soderlund et al., 2020). These salts could be inherited from the formation and differentiation
processes of the moon. They could also come from the core and reach the ocean by convection through the HP ice
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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. lllustration 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 happens
at the bottom of the ice layer in contact with the core (Kalousova et al., 2018; Choblet et al., 2017; Lebec et al., 2023;
Kalousova and Sotin, 2018, 2020), the core interacts with the water which gets enriched in salts. If the salty water is less
dense than the overlying ice (i.e. if the salt concentration is not too high), it is expected to penetrate in the ice by porous
flow. In some conditions, this porous flow can proceed all the way to the ocean (Kalousova et al., 2018; Kalousova
and Sotin, 2018, 2020) but, the decrease in temperature with height in the convective boundary layer leads to freezing
of part, if not all, of the mixture in some cases (See Fig. 1.b). The resulting solid, likely a polycrystalline assemblage
of salty ice and hydrated salts, is denser than pure ice.Some salts like NH; make the mixture less dense than pure ice
(Leliwa-Kopystynski et al., 2002) and therefore help convection. We only consider here the adverse situation where
salts make the density increase. This density increase counteracts the density decrease associated with temperature
and the competition between these two effects controls the convective dynamics of the ice layer. This competition is
quantified by a dimensionless parameter, classically called buoyancy number B, which is the ratio between the
density increase associated with salt enrichment and the density decrease associated with temperature increase. In
addition to the possibility of salt transfer from the rocky core to the ocean, salts already present in the ocean can be
transferred to the ice layer by freezing, provided that the partition coefficient K is greater than zero.

Hernandez et al. (2022) previously proposed a scaling to estimate whether the salts are impeding convection in the
solid state. But despite the fact that the existence of a salty ocean is supported by several studies, a complete exploration
of their effects on the mass and heat transfer efficiency through a HP ice layer inside large icy moons, depending on
their buoyancy and their partition coefficient between HP ices and the ocean, has not yet been performed.

Several papers have already considered convection in high pressure ice layers of large icy moons: Choblet et al.
(2017) modeled a 3D spherical ice layer with a pressure- and temperature-dependent viscosity of the ice. They also
considered the ability of the ice to melt at the bottom interface and an instantaneous extraction of the melt to the
ocean. Kalousova and Sotin (2018) and Kalousova et al. (2018) studied the evolution of a 2D cartesian HP ice layer.
They treated the partial melting in the bulk and the transport of the melt across the ice shell with a variable viscosity
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(Kalousova and Sotin, 2018; Kalousovi et al., 2018; Kalousova and Sotin, 2020), using a two-phase approach. In
a previous paper (Lebec et al., 2023), we modeled a two-dimensional spherical HP ice layer treating only solid-state
convection for a constant viscosity (except for one case including a temperature- and pressure-dependent viscosity), but
contrary to previous studies we considered the effect on the overall dynamics of the phase change (i.e. melting/freezing)
at the interface between the ocean and the ice. Due to convective stresses in the ice, topography is formed at this
interface. The topographic variations are partially erased by melting and freezing. This process implies a permeable
boundary that enhances the heat and mass transfer efficiency through the top interface. It can be modeled as a phase
change boundary condition controlled by a dimensionless parameter ®. All these previous papers show that, depending
on the heat flux from the core, the thickness of the ice and its viscosity, efficient heat and mass transfers may have
existed, or may exist, through this layer. Furthermore, all of these studies have shown that under certain conditions, the
temperature at the lower boundary between the core and the HP ice layer could reach the melting temperature, which
would imply at least pockets of molten ice at the interface and a more efficient mass transfer through the ice shell,
either by remaining liquid throughout ascent or by solid-state convection if water rises and refreezes in the ascending
hot plumes during the ascent.

The present study, while still setting aside the question of two-phase flow, focuses on the effect of salts on the
dynamics. We consider a flux of salts from the core and we use a numerical model to solve the convection equations.
We perform a systematic exploration of the parameter space, which is composed of the Rayleigh number Ra,, the phase
change number @ at the top boundary, the buoyancy number of the salts B, and the partition coefficient K of the
salts between the liquid water and the HP ices at the top interface. The value of this coefficient depends on the nature
of the salts. In the context of large ocean worlds, the first point is to know which salts could be dissolved in water by
interacting with the core. Although partition coefficients of most salts between liquid water and ice Ih are well known,
it is not the case when we consider water and high pressure ices (with the notable exception of NaCl, for which the
partition coefficient is about 5 x 1073 for ice VI, and about 0.12 for ice VII, according to Journaux et al. (2017)). We
expect this coefficient to be rather low but, as it can vary a lot depending on the salt properties, we decided to use a
wide range of values between 0 and 1 for this coefficient, K = 1 being a non-realistic maximum, in order to have the
most comprehensive possible study of the environment so that the results are applicable when the salts involved are
better identified and to determine their effect on the global dynamics.

Section 2 presents the physical model and the numerical method used in this study. The results are discussed in
section 3, including a numerical application to Ganymede in subsection 3.4. The limits and perspectives of this work
are discussed in section 4 and the results are summarized in section 5.

2. Model

In this study we consider a model made of a HP ice layer extending from R~ to R* topped by an ocean extending
from R* to R, (See Fig. 1.a) with fixed boundaries in time. Two fluxes are entering the HP ice layer from the core:
the heat flux g and the compositional flux of salts F. The ocean is homogeneous by construction but evolves in time
by exchanging mass with the HP ice layer. The ice transported by solid convection in the HP ice shell melts on contact
with the ocean and the salts contained in the ice dissolve in it. Conversely, a part of the water near the upper interface
between the HP ice and the ocean may freeze and be accreted to the ice (fig. 1.a). A certain amount of the salts present
in the water during its crystallization is trapped in the process, depending on the salt partition coefficient K between
HP VIice and water. All these aspects are considered in our model.

2.1. Physical model
2.1.1. Governing equations

The primary target of our study is Ganymede but we aim at obtaining results that can apply to any object with a thick
enough hydrosphere to host a high pressure ice layer. We therefore use dimensionless equations in order to reduce the
number of parameters of the problem and obtain scaling laws for quantities of interest as function of these parameters.
The length scale is taken as the HP ice layer thickness d = RT — R™, with R* (resp. R™) the dimensional radius of
the top (resp. bottom) HP ice boundary. Therefore, in the following, the dimensionless radial coordinate defined as
(r — R7)/d varies between 0 and 1. The radius ratio between the core and the HP ice layer is y = R™/R™. The time
scale is defined using the thermal diffusivity k as d2/k. As in previous papers on convection in HP ice layers (Choblet
et al., 2017; Kalousova et al., 2018; Lebec et al., 2023), we impose a heat flux g at the bottom of the layer and it is used
to scale the temperature with AT = gd /k, with k the thermal conductivity. Also, the temperature T at the interface
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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 layer
thickness d. The temperature is made dimensionless using the following equation:
T-T*

qd

T=k

ey

In addition to the temperature, another scalar field is considered in this paper, the mass fraction of salts C (or
concentration). Note that the salt concentration we consider is that for the “fluid parcel” which constitutes the basic
element of the hydrodynamics approach used here, which is much larger than the typical grain size of the solid. The
salts do not need to be dissolved in the ice crystals and can be in the form of separate crystals. In that sense, the mineral
assemblage is similar to the one that forms the rocks constitutive of the mantle of terrestrial planets. As long as they
stay in the solid state, the various crystals cannot segregate.

In a first set of runs (see Table 1 #1), we consider a closed ice/ocean system without an influx of salts from the core
and with an initial concentration in the ocean C; . = 1 as the scaling variable. In a second set of runs (see Table 1 #2),
we impose a fixed flux of salts at the bottom of the ice layer, F (unit of m s~!) which is used to scale the concentration
so that the dimensionless salt flux imposed at the bottom is F;,,, = 1. To impose a fixed flux of salts, we assume an
infinite supply of salts from the core (This point is raised in the discussion § 4).

This problem is solved in a spherical shell under the Boussinesq approximation for an infinite Prandtl number.
Indeed, from values in Table 4 in the case of Ganymede:

Pr=-1 <109, @)
pK

with p the reference density and # the ice viscosity. In this study, # is considered constant throughout the HP ice shell.
The dimensionless conservation equations of mass, momentum, energy and composition are (Tackley and King, 2003;
Bolrao et al., 2021):

V-u=0, (3)
0=-Vp+V2u+Ra, (T —T - B, (C-O)F, )
aa—f+u-VT=v2T, ®)
aC

— +u-VC =0, 6
5 U (6)

with 7 the radial unit vector, p the dynamic pressure, u = (v, w) the velocity, T' the horizontally averaged temperature,
C the horizontally averaged concentration in salts, and Ra, the Rayleigh number. In our case of a fixed heat flux from
the core and a laterally-varying temperature at the interface between the HP ice and the core, Ra,, is written as (Choblet
et al., 2017):

d4
Ra, = 2P89%_ @

a kxn

with g the gravity acceleration and a the thermal expansion.

The equation (6) for the evolution of the concentration in salts is a pure advection equation, i.e. we neglect its
diffusion in the ice. Its effect on the ice density is controlled by a dimensionless number, the buoyancy number, which
is the ratio of density increase associated to salts Ap¢ compared to the decrease associated to temperature, Ap” = pa AT
(Le Bars and Davaille, 2004). With AT = gd /k, in the case of a closed ice/ocean system without influx of salts from
the core, this parameter is written as:

Ap¢  KKCh kK

= — = _ 8
salts ApT (qu aqd ( )
while in the case of an imposed flux of salts F from the core, it is written as:
A C
B P _ kE )

salts = A_/)T - oucq'
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The latter expression is obtained using the Fd?/k as scale for the variations of composition, as dictated by equation (6)
and the use of thermal diffusion to scale times. A negligible value of B,,,, would make the flow insensitive to the
presence of salts, irrespective of its concentration, while a large value would tend to make salt-enriched regions
negatively buoyant and possibly stable against thermal convection. One of the goals of the present paper is precisely to
explore the effects of this parameter on the dynamics of convection in a HP ice layer and resulting transfer efficiency.

The buoyancy number is controlled by the nature of the salts and their amount expected to enter the ice layer if
melting occurs at the bottom. These difficult questions depend on the initial composition of the ocean and its chemical
interactions with the underlying rocky core, which depend on the pressure and temperature. To our knowledge, the
relevant studies are scarce and let us here consider the case of NaCl for which some data exist (Journaux et al., 2013,
2017). The maximum amount of NaCl for our model to hold is the one that makes the salty water negatively buoyant,
since we need it to rise in the ice to freeze. This maximum concentration is 2.5 mol kg;il2 o (Journaux et al., 2013) or

146 g kg;zo’ which means that liquid water at high pressure can contain a maximum of about 15 wt.% of NaCl to be
able to rise through the HP ice layer. According to Journaux et al. (2017), the concentration of NaCl in ice VI cannot
exceed 2.1 x 1072 mol%, or 5.6 g kgi_clv ;- Any additional salts contained in the water would crystallise as salt grains.
According to Kalousova et al. (2018), under conditions consistent for Ganymede, the water fraction in the ice layer
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 velocity
in the bulk is slightly lower but of the same order of magnitude as that at the top, say 1 m yr~!, we can estimate the
maximum flux of NaCl across the HP ice shell at a given time. This flux depends on the maximum concentration of
NaCl in the water at high pressure (15 wt.%), the maximum fraction of liquid in the layer at a given time (0.01) and
the radial velocity of the water and salts mixture through the ice (3.2 x 10~8m s~!), which gives, as their product,
F =4.8x 107! m s~!. Based on this estimate, we can compute the maximum buoyancy number from eq. 9 in order
to chose wisely the range to be used for this study. For Ganymede, using the values available in Table. 4, this gives
B,,;; < 60. Therefore, we chose a range between 0 and 10, which is sufficiently large to cover the whole range of
behaviour, as shown below.

2.1.2. Boundary conditions

Our model uses a fixed heat flux from the rocky core and the temperature is therefore free to vary laterally and
on average at the bottom of the studied shell. At the interface between the HP ice and the ocean, the temperature is
equal to the liquidus of the overlying ocean assumed to be laterally uniform so that, according to equation (1), the
dimensionless temperature is set to zero, leading to the following dimensionless temperature top (*) and bottom (7)
boundary conditions:

”T+_=O 10
L o

The mechanical boundary condition that applies at the bottom of the HP ice layer is not obvious (see discussion
in Lebec et al., 2023): if the bottom temperature is below the solidus, the whole shell is solid and the contact with a
high viscosity rocky core implies a no-slip boundary condition. On the other hand, in the case of a thick ice layer, the
bottom temperature is likely to reach the melting temperature of the HP ice, in places (the temperature being laterally
variable) or everywhere. In the extreme case where a liquid is present everywhere between the ice and the core, we
can expect a free-slip boundary to apply. Intermediate possibilities with a Robin-like boundary condition, which could
be laterally variable as a function of the local temperature, could be envisioned. As shown by Lebec et al. (2023), heat
and mass transfer is more efficient for a free-slip bottom boundary condition and, to be on the conservative side, we
consider a no-slip boundary condition in the present study:

u=w =0. (an

The presence of a solid-liquid phase change at the upper boundary of the ice shell imposes a specific boundary
condition with important implications for the dynamics and the heat and mass transfer efficiency. The detailed
derivation and implications of this boundary condition for Rayleigh-Bénard convection can be found in several papers
(Deguen, 2013; Deguen et al., 2013; Labrosse et al., 2018; Agrusta et al., 2020; Bolrdo et al., 2021). The convection
pattern inside a HP ice layer with such a boundary condition at the top (Lebec et al., 2023) is made of upwelling
hot plumes and a diffuse downwelling current, as shown on top panels of Fig.8. At the interface with the ocean, the
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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 ice
above the downwelling cold flow. The ease with which this process occurs depends on the competition between two
processes: on the one hand, the convective stresses in the solid create topography at the interface. On the other hand,
convection in the ocean erases this topography by melting and freezing. This competition is quantified by the ratio of
the two relevant time scales, the one to build the topography, which is:

Ul

=——, 12
7, Apgd (12)

with Ap = p, — p; the density difference between the solid (p,) and the liquid (p;) at the interface, and the one to erase
it by melting and freezing, which is:

= —— (13)

PiCpily

or
with L the latent heat, u; the flow velocity in the liquid ocean, c,, the specific heat of the liquid and 97}, /dr the slope

of melting temperature with radius (see Labrosse et al., 2018, for a full treatment of this process). Therefore, the phase
change number, defining the efficiency of this mechanical condition, is written as:

d=—. (14)
Tn
Expressing the continuity of stress across the boundary leads to the dimensionless boundary condition for the radial
velocity associated with the phase change considered at the top interface:

ow+22% _ p=0. (15)
or

When @ — 0 the timescale to erase the topography is much lower than the one to create it and the phase change is
efficient at the interface. While for ® — oo, we fall back on the classical non-penetrative boundary condition and the
radial velocity at the interface tends to zero, which implies a very inefficient mass transfer between the ice and the
ocean. In this study, cases assume an efficient phase change of ® = 1072, which gives the dynamical regime expected
for large rich-water bodies (Lebec et al., 2023).

The equation (6) for the composition being hyperbolic, no boundary condition can be applied and a specific
treatment is needed to impose an influx of salts at the bottom. As discussed below in section 2.2.2, this is done using
Lagrangian tracers. At the bottom of the ice layer, we impose an influx of salts corresponding to a dimensionless flux
per surface area Fy,;;; = Fd/x = 1. At the upper boundary, there is a mass exchange between the ice and the ocean
by the solid-liquid phase change, as a result of the mechanical boundary condition just discussed. This mass exchange
is treated differently on both sides. At regions of downflow in the ice, water freezes to form newly accreted ice whose
composition is set by the partition coefficient, K, as KC?, with C? the concentration of salts in the ocean (Fig. 2).
Where ice is flowing toward the ocean, it must reach an equilibrium, which implies a modification of its temperature
by diffusion and complete melting, irrespective of its composition (Fig. 2). The liquid is at the liquidus corresponding
to its composition, which could be different from the solidus corresponding to the composition of the solid. In most
cases, the solidus of the solid is likely lower than the liquidus of the liquid, in particular if the phase diagram presents
a eutectic. In that case, melting of ice is eased, and it could even start before reaching the boundary (Kalousova et al.,
2018), a possibility not treated in the present study. If, on the other hand, the liquidus of the liquid is lower than the
solidus of the solid, the excess salt in the liquid serves as fusing agent, similarly to the salt spread on snowy roads in
mountain regions. In both cases we therefore expect the whole ice flowing through the boundary to melt and its content
to mix with the ocean.

2.1.3. Evolution of the ocean composition
As explained in the introduction to this section, the ocean evolves in time through mass exchanges with the HP ice
layer. The concentration of salts in the ocean C° evolves over time as:

0
M"% = 4x(RY)?pF°, (16)
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Figure 2: lllustration 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 Ct"op,
which is the concentration of salts in the upwelling hot plumes near the interface. If C,"O[J > KC°, 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 Ct"op < KC°, melting

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

with F° the total flux of salts at the interface between the ice and the ocean in m s~! (and pF° the total mass flux in
kg m™2s7) and M° = (4/3)n(R3 — (R*)*)p the ocean mass.

The total flux of salts F° from the ice to the ocean is composed of an inward flux and an outward flux. The salt/ice
mixture transported in the upwelling hot plumes reaches the interface with a radial velocity at top w;,, > 0 and the ice
melts at this contact. In this case, the salts contained in the ice melting at the interface are transported from the ice to
the ocean. Conversely, above the downwelling currents w,,, < 0 and a certain amount of salts depending on K enters
the ice due to freezing at the boundary (See Fig. 2). The expression of this flux depends on the value of the top radial
velocity as:

i .
WiopCrop  1f Wiop >0

Wi, KC? i f wy,, <O0.

F° =

with Cti op the concentration of salts in the ice that melts at the interface.

2.2. Numerical method
2.2.1. Numerical solution

In this study we used StagY'Y (Tackley, 2008) to solve the convection equations (§ 2.1.1) subject to boundary
conditions described in section § 2.1.2. The geometry considered for this model is a two-dimensional spherical annulus
(Hernlund and Tackley, 2008). This convection code, originally developed for convection in rocky mantles, solves
the convection equations in various geometries using a finite volume approach and uses Lagrangian tracers to treat
composition (as discussed below). The longitudinal aperture on which the convection equations are solved is set to
Z in all cases, which is enough to capture at least one horizontal period (Lebec et al., 2023). We impose periodicity
in the longitudinal direction. For the grid, we choose the number of cells in the radial direction nz,,, = 128 in order
to have a high enough resolution to reach the global energy balance. The number of cells in the horizontal direction
ny,,; is computed in order to make the cells as square as possible. Therefore, for the runs with a radius ratio y = 0.8,
ny;,; = 256 and for y = 0.9, ny,,, = 512. As we will see in the results, in some cases the salts accumulate at the bottom
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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 is
also refined by a factor of 2 near the top boundary to properly solve the phase change.

Another numerical issue regards high Rayleigh numbers. All the runs of this work are for a Rayleigh number
between 107 and 10° and an efficient phase change ® = 1072 at top. Due to this phase change, the thermal boundary
layer at the top interface is 1/w;,, thick. Knowing that the radial velocity at top can be very high, these runs require
a very small grid spacing near the interface to be resolved correctly. To this end, we adopt an approach developed
by Agrusta et al. (2020) and used by Lebec et al. (2023) which removes the thin boundary layer and applies a Robin
boundary condition, which allows us to switch from a fixed flux boundary condition to a fixed temperature boundary
condition along the interface depending on the value of the radial velocity. This condition is written as (Agrusta et al.,
2020):

FT+(1—F)0—T=O. 17)
or
I" is the following approximation of the Heaviside function:

Wo
1 ~ Wiop
1“=z 1 + tanh n— , (13)

Wo

2

with wy the velocity threshold between both conditions, chosen here as wy = 5x 10~ 2Ra2/ 3 Depending on the value
of wy,,, representing the upwelling hot plumes and downwelling currents velocity at the 1nterface this function makes

the boundary condition change smoothly from a Neumann boundary condition for which a_ = 0 in fast upwelling
regions to a Dirichlet boundary condition for which 7" = 0 in downwelling or slowly upwelling regions.

2.2.2. Compositional tracers of salts

To explore the effect of salts on the heat and mass transfer through a HP ice layer, we use Lagrangian tracers
distributed throughout the ice shell (Tackley and King, 2003, for more information on the use of tracers and
benchmarking). These tracers carry the composition in salts of the HP ice layer. At each time step, the information
carried by the tracers is used to compute a salt concentration field on the finite volume grid which, together with the
temperature field, is used to compute the total buoyancy force on the right-hand-side of equation 4. Using a finite
volume approach, the code solves the flow velocity, which is then used to compute the evolution of temperature and
composition.

As explained before, if the bottom temperature is high enough to melt the ice, the water in contact with the core
gets enriched in salts. If this mixture is less dense than the ice, it should rise through the HP ice shell by porous
flow and recrystallize. Then, the salts/ice mixture obtained could reach the ocean by convection in the solid state. This
process of porous flow requires a full two-phase flow treatment to be modeled self-consistently (Kalousova et al., 2018).
Alternatively, we chose to impose a salt flux at the boundary. However, in the absence of salt diffusion in equation (6),
applying a boundary condition does not affect the solution. We adopt the approach proposed by Bouffard et al. (2017)
to model this compositional flux: we add a concentration §C(r) corresponding to the desired flux directly to the tracers
as

+

,
/ P26Crdr = r~ FouisAt, (19)

with r~ (resp. r*) the dimensionless radius of the bottom (resp. top) boundary of the HP ice layer, knowing rt —r~ =1,
F,,;, the dimensionless flux of salts per surface unit and At the time step. This additional concentration is added

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

- 2
. <_(r(’6—2+h))> (20)

with A = 0.05 the position of the peak above the bottom boundary and ¢ = 0.01 the peak thickness (the values have
been chosen empirically), r the position of the tracer inside the HP ice layer to which we add 6C and af a constant

a
5C(r) =
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Table 1
All simulations are done for a rigid bottom boundary condition and an efficient phase change at top @ = 1072, «° is for
ocean and ¢ is for the HP ice layer. C,, is the initial concentration of salts in the designated shell.

c C K B

# | Foaus ini inl salts Ra, 4
0 1 0 {0.001,1} {0,3,10} 107 {0.8,0.9}
{0,0.001,0.01,0.1,0.3,1} | {0,0.1,0.3,1,3,10} {107,108,10°} {0.8,0.9}

2 1 0 0 0.01 {0,0.1,0.3,1,3,10} {3x107,3%x 108} 0.8
0.01 0.5 {107,2%x 107,3x 107,6 x 107,10%,2 x 108,3 x 108,6 x 108,10°} | {0.8,0.9}

computed from eq. 19 as:

2(r)°F,
ap = (V) salts ) (2])

V7o <erf<%)+erf(g)>

Because of the way the flux of salts from the core is modeled, with a concentration distributed in the ice layer
according to a Gaussian-like curve, the number of tracers per cell has to be large enough to ensure the smallest possible
error on the imposed flux. After some computation to optimize the flux quality/computational resources ratio, we fixed
it at 500 tracers per cell.

3. Results

Two sets of runs have been performed in order to study the effect of salts in the most systematic way, as listed in
Table 1. Firstly, we performed a few runs (#1) with a zero salts flux from the core and a non-zero initial salt concentration
C; . = 1in the ocean to study whether an equilibrium is reached between the ocean and the HP ice layer in terms of
composition and the time required to reach a steady state in a closed ocean/HP ice system. As listed in Table 1, we
chose various values of By, between 0 and 10. Applying eq. (8) to Ganymede with K € [0, 1] and values for ¢ and
d in Table 4, we get B,,;, in the range 0 to 5. In order to cover all possibilities, in particular when considering other
planetary objects, we explore values of By, up to 10, which is sufficient to exhibit all dynamical outcomes.

For the second set (#2) we added a compositional flux of salts F,;,, = 1 at the bottom of the HP ice layer. Therefore,
the runs never reach a steady-state because the salts continuously enter the ice and the concentration of salts increases
with time. These runs all start with a zero initial concentration of salts in the ocean Ci"ni, and in the HP ice layer Ciini
and are performed for large ranges of values for K, B, Ra, and for two values of the radius ratio y. We vary By,
systematically to cover all dynamical regimes. As listed in Table 1, we chose various values of B, between 0 and
10. If we apply eq. (9) to Ganymede, depending on the value chosen for g in Table 4, we obtain a range for F' between
Oand 1.6 X 10~ ms~!.

An alternative way to view the choice of parameters B,,,, is to compute the value of Ap® corresponding to
Byis = 1. From eq. (8) and eq. (9), Ap/py,0 = aqd/k. For the total range of values for Ganymede (Tab. 4),
we get Ap€/p 1,0 between 0.19 and 1.7. Assuming a mechanical mixture between salt and HP ice, we can compute
the mass fraction of salts X, as:

Ap© Paits
_ M5 PHy0 PHy0

X, = = A (22)
m MHZO Psalts Ape — 1
PHyO PH,0

Considering for example NaCl, p,;s/pp,0 = 2.17. Therefore, X, = 0.42 for Ap®/py,0 = 0.19but Ap®/py,o = 1.7
gives an unacceptable negative value for X,,. This shows that some combinations of parameters are not physically
possible for all types of salts. We can also compute the density of salts for the limit case X,, = 1 as:

1+ A_/’C
PH,0
Psalts — i ) (23)
PH0 11— 45
PH,O

Lebec et al.: Preprint submitted to Elsevier Page 9 of 32



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

Effects of salts on large ocean worlds' internal dynamics

For Ap¢/p H,0 = 0.19, the minimum density of salts acceptable for the mass concentration of salts to be inferior to 1
is psalts/szO =1.47.

3.1. Closed ocean/HP ice system

Before imposing a flux of salts from the core, let us study the evolution of a closed ocean/HP ice system (See study
case #1 in Table 1). Without an influx of salts from the core, the two layers evolve according to two parameters: By,
and K until reaching a steady-state after a certain amount of time. If the system reaches an equilibrium, the two layers
are balanced, each around an equilibrium concentration. A similar study was performed by Bolrdo et al. (2021) but
with different boundary conditions and geometry, relevant to the magma oceans on Earth.

Starting with a zero concentration in the HP ice shell, we set an initial concentration of salts in the ocean Cl."m. =1.
If the whole ice layer reaches an equilibrium with the ocean (which is homogeneous by construction of the model), the
concentration in the ocean tends to ng and the one in the ice tends to Céq, both expressed from the initial concentration
C? ., the partition coefficient K and the volumes of both layers as:

o —co (24)
ea ~ iy KV
i Kv?°

Cog = KCoy = Coivror xvr” 25

with V' (resp. V°) the volume of the HP ice layer (resp. ocean).

Figure 3 shows the evolution of the concentration in salts of the ocean (top panels) and of the ice (bottom panels)
for two partition coefficient values. These graphs are made for various values of the buoyancy number and the red line
shows the equilibrium concentrations ng in the ocean and Céq in the ice. Figure 4 shows snapshots of 1/12 of the

HP ice layer at the end of the runs for some of these cases. For both K = 1073 and K = 1, the concentration of salts
in the ocean decreases as it increases in the ice due to the development of convection. For small values of By, the
salts incorporated in the ice in the early stage are entrained back to the ocean which makes its concentration rebound.
These two processes eventually balance each other out and the system reaches steady-state. For a partition coefficient
of 1 (see Fig. 3.a), all salts present in the water at the time of its recrystallization at the ocean/ice interface are trapped
in the ice, leading from equations 25 and 24 to an equal value in both layers of the equilibrium concentration of salts
at steady-state. This is what happens in the case B,,,, = 0, for which both concentrations tend to their equilibrium
values (eqns. 24 and 25). The salts are easily transported from one layer to another, leading at steady-state to an almost
homogeneous HP ice layer, as can be seen on Fig. 4.a. However, these equations do not take into account the effect of
the buoyancy number. Contrary to the ocean, the HP ice shell is not homogeneous and for By, > 0.5, salts from the
ocean accumulate at the bottom of the HP ice layer. This effect can be observed in Fig. 4.b, in which the concentration
is higher in the bottom part of the HP ice shell. Therefore, the salts are difficult to transfer to the ocean by convection
and it leads, for By, > 0.5, to a mean concentration in the ice larger than the equilibrium value and lower than
the equilibrium value in the ocean. The time required to evolve halfway to the steady-state concentration is reported
in Table 2 and named 7'/2. It shows that, for K = 1, the higher the buoyancy number, the faster the steady state is
reached. Contrary to all other cases displayed on Fig. 4, the temperature field in the HP ice layer for B,,;,, = 10 and
K =1 (see Fig. 4.b) shows that convection stopped. In this study, B, is an imposed input parameter that is not
representative of what will be achieved in the run in terms of concentration and temperature contrast. A posteriori, an
effective buoyancy number Beﬁc can be computed based on what has actually been achieved during the run, defined
as:

ci —(!
bot top
B, = ———— B i1s- (26)
eﬁ salts
Tbot - Ttop

In the case of Fig. 4.b, Beﬁc = 20, which is very high such that convection was impeded by the salts stacking at the
bottom of the HP ice layer, unlike other cases for which the effective buoyancy number is in the range 0 —0.1. To better
understand this particular case, Figure 5 shows the evolution in time of the temperature and the concentration fields
from an early stage of the run to r = 4 x 1072, which is the time of Figure 4.b. On Fig. 5.a the convection is very strong
and the buoyancy number is around 10. At this stage, the heavy salts enter the ice layer from above and therefore help
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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 =107, a Rayleigh number Ra, = 107, a radius ratio y = 0.8 and various values of B as
labeled.

salts?

convection, which is very fast. The salts are entering the layer above the downwelling currents and the upwelling hot
plumes are poor in salts. At the time of Fig. 5.b, salts have already accumulated at the bottom of the ice layer and the
effective buoyancy number is around 60, which is enough to inhibit convection. From that point, the salts continue to
enter the ice from the ocean and build up at the bottom of the ice layer until the convective movements disappear.
For a low partition coefficient K = 103 (see Fig. 3.b), the chosen buoyancy numbers have a very small impact on
the dynamics because the concentration of salts trapped in the ice during freezing of water at the ice/ocean interface
is very low. In that case, the effective buoyancy number for By,;;; = 10 is B 4 = 0.1. This means that even for high
values of By,,, the salts hardly affect the ice density and are still easily transported by convection. This can be observed
in Fig. 4.c and Fig. 4.d which both show an almost homogeneous HP ice layer with the same concentration of salts
in the bulk. This confirms that for a very small amount of salts entering the ice from the ocean in a closed ocean/HP
ice system the salts do not accumulate at the bottom of the ice shell even for B, = 10. In all three cases shown in
Fig. 4.a,c,d the HP ice layer is almost homogeneous except for a salts-poor thin layer near the lower interface. This is
due to the rigid bottom boundary condition, which strongly inhibits vertical flow toward the boundary compared to the
case of a free-slip boundary condition. In the case of a low partition coefficient, the salts concentrations in the ocean
and in the ice layer tend to their respective equilibrium values, C? "y and Cé ’ irrespective of the buoyancy number, but

the equilibrium concentration in the ice is K times smaller than that in the ocean. Also, the time 7'/2 to reach half the
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Figure 4: Snapshots of 1/12 of the HP ice layer in steady-state at t ~ 4 x 1072 for a Rayleigh number Ra, =107, a radius
ratio y = 0.8. The top (resp. bottom) panels show the temperature (resp. composition) inside the ice shell for a) K =1
and B, =0,b) K=1and B,,, =10, c) K =107* and B,,,, = 0 and d) K = 1072 and B,,,, = 10. The minimum
concentration of salts in the HP ice layer for a),c),d) is O but the color bars have been limited to a) 0.48 and c)&d) 9 x 107*
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 Beﬁc is close
to zero in all of those cases. (See Table 2).

For all values of B, and K considered in this set of runs, the time to reach half of the steady-state concentration
is in the range 10~ — 10~ (See Table 2). For Ganymede, using the values in Table 4, t'/2 is of the order 1.5 X 10* to
1.5 x 107 years.

3.2. Effects of an influx of salts on the overall dynamics

Now, adding a flux of salts from the core, we will discuss how the qualitative evolution of the system with time
depends on the parameters B, and K, before discussing the two main regimes of salts transport through the HP ice
layer as a function of the buoyancy number.

3.2.1. Qualitative effects of B,,,, and K on the evolution of the system
In the rest of the results section, we analyse the runs of the study case #2 detailed in Table 1, starting with
a qualitative analysis of the effects of the buoyancy number and the partition coefficient on the evolution of the

concentrations in salts of the ocean and the HP ice layer over time. When B, is 0, the salts have no impact on the
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Figure 5: Snapshots of the evolution in time of 1/12 of the HP ice layer for a Rayleigh number Ra, = 107, a radius
ratio y = 0.8, a partition coefficient K =1 and a buoyancy number B, = 10. The top (resp. bottom) panels show the
temperature (resp. composition) inside the ice shell for a) t =107, b) t =4.5x 10, c) t=7.5x 103 and d) t =4 x 1072,
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 passively
through the HP ice layer until they reach the ocean. This is what happens in Fig. 6.a, the concentration of salts in the
ocean is increasing steadily with time as the salts are easily transported by thermal convection from the core to the
ocean. On the other hand, the higher the buoyancy number, the higher the density of the salts/ice mixture compared
to pure ice. As can be seen in Fig. 6.d for B,,;;; = 10, the concentration of salts in the HP ice layer is continuously
increasing because the salts mostly accumulate at the bottom of the HP ice layer, thus the density of the HP ice and
salts mixture increases with time. However, a part of this mixture still rises through the ice and reaches the ocean. At
the beginning of the simulation, the concentration of salts in the ice is small enough to allow a part of the salts/ice
mixture to rise efficiently through the ice and the ocean concentration of salts increases rather strongly (fig. 6.b). After
a certain amount of time, the proportion of salts becomes higher in the ice shell, less salts are reaching the ocean and
the rate of increase of ocean salt concentration stabilizes to a smaller value (fig. 6.b).

The partition coefficient of the salts between the ocean and the HP ices at the top interface controls the amount
of salts trapped in the ice when a part of the ocean freezes at the top interface. When K = 0, salts are not trapped in
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,
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Table 2
Time t'/? required to evolve halfway to the steady-state concentration.

K Bsalrs tl/2
0 2 x 107°
0.1 1.5 x 107°
1 0.5 9 x 107°
1 6 x 10~°
3 3x107°
10 10—°
0
0.1
0.001 015 2 x 1075
3
10

the concentration of salts in the HP ice layer reaches a compositional steady state. Indeed, as B,,;,, = 0 and K = 0,
after the onset of convection, the amount of salts entering the HP ice layer from the core is similar to that entering the
ocean at each time step, which leads to this quasi-steady state. On the other hand, the higher the partition coefficient,
the higher the amount of salts trapped during the re-crystallisation at the interface. In the case B,,;; = 0and K =1,
the concentration of salts in the HP ice layer continues to increase over time, as well as the concentration of salts in
the ocean, as shown in Fig. 7.b and Fig. 7.d.

All the runs have been performed for an efficient phase change at top, with a phase change number ® = 102, For
this reason, whatever the buoyancy number and the partition coefficient, the ice in the ascending hot plumes that reaches
the ocean melts at its contact, the boundary is permeable and the radial velocity at the top is much higher than 1. The
convection pattern is the same for all cases shown in Fig. 8, composed of upwelling hot plumes and downwelling cold
and broad currents. For the case B,,;, = 10, the salts significantly increase the salts/ice mixture density. Therefore,
they accumulate just above the interface between the core and the ice, as can be seen on the compositional field of
Fig. 8.c, which increases the bottom temperature (See 3.2.3) and leads to an ocean very poor in salts as shown on
Fig.6.b. In contrast, in Fig. 8.a and 8.b for B,,;,; = 0, the salts follow the heat convection pattern, as the salts have no
or a low effect on the ice density for low values of the buoyancy number. Also, the ice is on average richer in salts in
Fig. 8.a due to the higher partition coefficient.

3.2.2. Compositional flux accuracy

To check the accuracy of the numerical treatment of the flux of salts we impose at the interface between the core
and the HP ice layer, defined in 2.2.2 and set to F,;,; = 1 in the second series of runs (#2 in Table 1), we compute the
total rate of increase of the salt concentration in both layers and divide it by the surface of the lower interface between

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

eff _ AC'V'+ ACV®

salts A=At @7

with AC’ (resp. AC?) the variation of the salt concentration in the ice (resp. ocean) over At. The numerical accuracy
analysis is available in appendix 6.

3.2.3. Time evolution

Let us now turn to a systematic exploration of the effect of the various control parameters. Figure 9 shows the
rate of change of the concentration in salts of the ocean dC?/ dt and the HP ice layer dC?/ d¢ as function of the salts
buoyancy number and for various values of the partition coefficient K. These rates are computed over a time period
chosen after the stabilization of the concentration slope in the two layers (See § 3.2.1), here between ¢| = 1072 and the
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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) B,,,, = 0 and b)&d) B,,,, = 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 = 1072 and a radius ratio of
y=0.9.

end of the runs #, = 3.8 X 1072. Due to the conservation of salts, the expression of the mass balance is:

, , _\ €
dC°/d)V° + (dC'[dn)V' An(r )2ij?; 28)
Vo4 Vi o ovoyvi
and we note S the average rate of increase in solid and liquid concentration:
_ 40 PE 00
T vervi

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 purely
geometrical and, for the same ocean radius R, depends only on the radius ratio, which defines the thickness of the HP
ice layer and, consequently, that of the ocean. The thickness of the HP ice (resp. ocean) layer increases (resp. decreases)
for decreasing values of the radius ratio (there is a factor 2.25 on the thickness d between y = 0.8 and y = 0.9). For the
ocean radius defined in § 2.2.1 corresponding to a Ganymede-like case, the theoretical value of S is about 0.43 for
y = 0.8 and about 0.22 for y = 0.9 (See grey line on Fig. 9.a and Fig. 9.b). As shown on Fig. 9, for low values of the
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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 102, a buoyancy number of B, = 0 and a radius ratio of y = 0.9.

salts

buoyancy number (B,,;;; < 0.6 for y = 0.8 and By, < 0.5 for y = 0.9), the value of both rates of change (ocean and
ice) equals the value of S for K = 1. From eq. 28, we can compute the two extreme cases for which the rate of change
in the ice dC’/dt or in the ocean dC°/dt is 0, meaning that all the salts are transported to the other layer, which gives
us its maximum rate of change. These maximum values, around 0.86 — 0.87 for both layers for y = 0.8 (because both
volumes are similar in that case) and about 0.29 in the ocean and 0.97 in the ice for y = 0.9, are represented on Fig. 9
by a red dotted line for the ocean and an orange dashed line for the ice. As can be expected, dC' /dt tends towards its
maximum value for increasing values of the buoyancy number, which for all values of K is reached for By, = 1.
On the other hand, dC?°/dt tends towards its maximum value for decreasing values of the buoyancy number and low
values of K, thatis for K < 0.1 and By, < 0.5.

According to Fig. 9, the proportion of salts in the ocean compared to the proportion in the ice shell reverses at a
certain buoyancy number, which is the limit between the low buoyancy number regime and the high buoyancy number
regime. For Ra, = 108 this limit is around B, = 0.6 for y = 0.8 (see Fig. 9.a) and between B,;,, = 0.5 and 0.6 for
y = 0.9 (see Fig. 9.b). For each partition coefficient, the closer the buoyancy number is to this limit value, the closer
dC°/dt and dC' /dt become. For B, ranging from ~ 1 to 10, dC'/d1 is close to the maximum value identified with
eq. 29, leading to a similar concentration in salts in the ice at the end of the runs in all three cases presented here. The
rate of change of the concentration in the ocean dC°/dt in those cases is < 107!, This is consistent with the fact that
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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 ~ 4 x 1072 for a Rayleigh number Ra, = 108, a radius ratio y = 0.8. The top (resp. bottom) panels
show the temperature (resp. composition) inside the ice shell for a) K =1 and B,,,, =0, b) K = 1072 and B, = 0, c)
K =10"% and B,,,, = 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 5x 10 in order to have more information about what happens in the bulk of the ice shell. Note that
colorbars differ between panels.

Cci

the salts accumulate at the bottom of the ice shell, preventing an efficient transfer of salts toward the ocean. For low
values of the buoyancy number, B,,;; < 0.6, the salts have a very low impact on the ice density and are transported
easily by convection in the solid state through the HP ice layer. In those cases, the range covered by dC' /dt as function
of By, is very large, because almost the entire amount of salts coming from the core are transported into the ocean
and the evolution of the salts concentration in the ice shell depends mostly on the amount of salts trapped into the ice
when a part of the ocean at the interface with the HP ices refreezes and is accreted to the ice, which is controlled by
K.InTFig. 9, this is reflected in the fact that dC? /dt decreases with decreasing values of the partition coefficient, while
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Figure 9: Rate of change of the concentration in salts of the ocean (+) and of the HP ice layer (X) over time as function
of the salts buoyancy number for a radius ratio a) y = 0.8 and b) y = 0.9. This has been computed for various values of
K, for a Rayleigh number of Ra, = 10® and a zero initial concentration C,,; 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 dC?/dt for K = 1, for which the amount of salts trapped into the ice at the interface is maximal.
In Fig. 9.aand b, for B, = 107!, dC' /dt for K = 0 and K = 1073 are swapped compared to what we could expect.
Indeed, the values of dC' /dt are really low and fall within the error bar computed in appendix 6. The values of dC /dt
also tend to get mixed up for B,,;,, ~ 0.5, which corresponds to the transition between a well mixed ice layer and a
stratified one. In this transitional region of the parameter space, fluctuations are important and make the determination
of dC/dt subject to more uncertainty than in the two end-member regimes. For the concentration of salts in the ice,
the value of K has nearly no effect for B, = 1 but a significant effect for B, < 0.6.

While the ocean is considered homogeneous by construction of the model, the salts concentration is not uniform
in the HP ice layer and their distribution in the shell is controlled by the values of the partition coefficient and the
buoyancy number. Figure 10 shows the profiles of temperature (left panels) and composition (right panels) in the HP
ice layer for a partition coefficient of 1 and various values of the buoyancy number at different times of the runs.
These times are similar between the three presented cases, B, = 0, By, = 0.7 and B,,;;; = 10 in order to make
the comparisons relevant. For a buoyancy number B, = O the salts have no effect on the density. Therefore, the
temperature curves through the ice shell (fig. 10.a) have a classical shape for the boundary conditions of the problem,
with 7+ = 0 as set in equation 21 and a thermal boundary layer at the bottom, which does not thicken in time. In terms
of composition (fig. 10.b), the concentration of salts is slightly higher around the height at which they are added to the
ice shell (see § 2.2.2) but the overall layer is poor in salts because they are easily transported by convection as they
have no impact on density in that case. Due to the value of the partition coefficient, K = 1, the concentration of salts
in the bulk increases as fast as in the ocean with time. For B,,;, = 0.7, a buoyancy number just above the limit value
for Ra, = 108 and y = 0.8 (see Fig.9), the temperature profile evolves a lot more with time (fig. 10.c). At the onset of

convection and until  ~ 1.69 x 1072, there is a classical thermal boundary layer at the bottom, which thickens with
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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 Ra, = 10% and a radius ratio
y = 0.8. Panels a) & b) are for B,,,, =0, c) & d) for B,,,, =0.7 and e) & f) for B,,, = 10.

Lebec et al.: Preprint submitted to Elsevier Page 19 of 32



492

493

494

495

496

497

498

499

500

501

502

503

505

506

507

508

509

510

511

512

513

515

516

517

518

519

520

521

Effects of salts on large ocean worlds' internal dynamics

time. Around this time, a layering seems to happen and there are two separate thermal boundary layers. In that case,
a salts-rich layer develops at the bottom of the ice shell and it thickens with time (fig. 10.d). Finally, for a very high
buoyancy number B,,;,, = 10, there is already a layering of the convection and two thermal boundary layers at the
bottom early in the simulation. Also, the mixture of salts and ice that forms the lower, highly salted layer is so dense
that the salts can hardly be carried by convection to the upper layer, which thus remains lighter than this salts-rich
lower layer.

3.2.4. Salts transport

a) b) )
0.30
—— Bsaits:0.0 R L] °
0.251 Bsaits:0.3 .. ° . °
—— Bsaits:0.5 10-14 °
—— Bsais:0.6
0.2041 —— Bas:1.0 10-14 ® ®
" —— Bsaits:10.0 |~ =
=] < -2 S
S 0.15 % 1074 X
© ) ©
o« g g
0.10- g
-3
10 o Rag: 1E+07
0.05 10724 Rag: 1E+08
. o o e Rag: 1E+09
0.00 .
00 02 04 06 08 10 0.00 0.01 0.02 0.03 0.04 107! 10° 10!
C'/max(C") Time Bsaits

Figure 11: a) Profile of the concentration in salts at the bottom of the HP ice layer divided by the maximum concentration
max(C") as function of the radius for various values of the buoyancy number. b) Maximum concentration in salts of the
HP ice layer max(C') as function of time. c) Maximum concentration in salts of the HP ice layer max(C') for various values
of the Rayleigh number as function of B,,,,. This figure is for a partition coefficient K = 1072 and a radius ratio y = 0.8.
a) and b) are for a Rayleigh number Ra, = 10°. a) and c) are time-averaged over a period between 7, = 2.6 x 1072, chosen
after the stabilization of the concentration slopes (See § 3.2.1) in the ocean and in the ice, and 7, ~ 3.9 x 1072 the end of
the simulation.

In this part, we study the effect of the buoyancy number on the salts distribution through the HP ice layer (fig. 11.a)
and the evolution of the maximum concentration in salts with time (fig. 11.b) and as function of B, (fig. 11.c). We
also analyze the temperature, radial velocity, thermal and compositional advection profiles for low (fig. 12) and high
(fig. 13) values of the buoyancy number separately. The thermal advection reflects how heat is transferred through the
shell and can be written from eq. 5 as wAT. The compositional advection reflects how the salts are transported by
convection and can be written from eq. 6 as wAC'. We chose a time period after the stabilization of the concentration
slope in the ocean and in the ice (See § 3.2.1), here from #; = 2.6x 1072 to the end of the simulation #, = 3.9x 1072, The
panels a) and c) of Fig.11 and all profiles of Figures 12 and 13 are time-averaged on this period. This period is long
enough for these parameters to evolve a lot, in particular the concentration of salts and the temperature. Therefore,
these two curves are built by dividing the relevant parameter by a reference value: the bottom temperature 7~ for
Figures 12.a and 13.a and the maximum concentration max(C') for Fig.11.a, before averaging over time. Figure 11.b
shows the evolution of the maximum concentration as function of time for Ra, = 108 and various values of the
buoyancy number, while Fig. 11.c shows the time-averaged value of the maximum value as function of the buoyancy
number for various Rayleigh numbers.

It is clear in all panels of Fig.11 that there is a very marked separation between two regimes: one for low values
of the buoyancy number and one for high values of the buoyancy number. On Fig. 11.c, we can observe that the
difference in maximum salts concentration between low and high values of the buoyancy number becomes larger with
higher values of Ra,. Also, the limit between low and high values of the buoyancy number for Ra, = 108 is very
clear in Fig. 11.c, with an inflection point between B,,;; = 0.5 and B,,;, = 0.6. These limit values increase with
increasing Rayleigh numbers (See Fig. 11.c). These two regimes are also visible on Fig.11.b. For low values of the
buoyancy number the salts are easily transported through the HP ice layer and most of the salts coming from the core
go into the ocean. As the partition coefficient is small here, K = 1072, the amount of salts trapped in the ice at the
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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 B, < 0.5.
This figure is for a partition coefficient K = 1072, a Rayleigh number Ra, = 10® and a radius ratio y = 0.8. The parameters
shown on the four panels are time-averaged over a period between 1, = 2.6 X 1072, chosen after the stabilization of the
concentration slopes (See § 3.2.1) in the ocean and in the ice, and 7, ~ 3.9 X 1072 the end of the simulation.

interface with the ocean is very low and the HP ice layer reaches a compositional steady-state. The case B, = 0.5 is
an intermediate case, with a final maximum concentration slightly higher than that for low values of B, but it seems
to also reach a compositional steady-state, unlike the cases for high values of B, ;. Regarding the concentration in
salts divided by the maximum concentration (fig. 11.a), in the upper part of the HP ice layer it depends only weakly
on By, In this part the buoyancy number has no effect on the thermal convection because the salts concentration is
small for large values of B, and does not affect the density for small values of B,,,, and all the salts reaching this
part go into the ocean. The value of the concentration in this upper part is mainly controlled by the partition coefficient
K. In the lower part, two regimes can be observed, depending on the value of the buoyancy number. In the first case,
for a buoyancy number B, < 0.5, the lower part is slightly enriched in salts, as can be seen on Fig. 11.a and b, due to
the way the flux of salts is modeled. A concentration of salts corresponding to the desired compositional flux is directly
added to the ice shell at each time step at a certain height, here 2 = 0.05 (See § 2.2.2), which corresponds more or less
to the maximum of the concentration in this salt-poor layer. In the regime for high values of the buoyancy number,
B, .i;s > 0.5, the density of the salts/ice mixture is so much larger than that of pure ice that the salts accumulate at the
bottom of the HP ice layerlt creates a highly salted layer (See Fig. 11.a and Fig. 11.b) thicker than in the cases with
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Figure 13: The same as in Fig. 12 but for B ,,, > 0.5.

salts

a low buoyancy number. This thickening is probably due to a modest entrainment by the thermal convection above
which transports a small part of the salts to the top and leaves the rest at the bottom.

In Fig. 12, for low values of the buoyancy number, the shape of the different curves corresponds to what we could
expect with pure ice (Lebec et al., 2023). In Fig. 12.a there is a classical thermal boundary layer at the bottom of the
shell and a temperature of almost O in the rest of the layer due to the temperature boundary conditions (See § 2.1.2).
Also, the thermal boundary layer does not change significantly with variable values of Bg,,,. In this regime, the
thermal advection curves plotted in Fig. 12.c increase with radius in the thermal boundary layer until reaching a value
of around ~ 1 in the rest of the shell, which is the value needed to balance the imposed flux at the bottom boundary.
The compositional advection (fig. 12.d), on the other hand, is just slightly negative under the part where the salts are
added to the HP ice layer and increases in the rest of the thermal boundary layer until reaching ~ 1, which is also the
value of the imposed influx at the bottom. Concerning the radial velocity (fig. 12.b), the inflection at the bottom is due
to the rigid boundary condition and in the rest of the shell it decreases for increasing values of By;,.

For the high buoyancy number regime, the same parameters are displayed in Fig. 13. In those cases, in Fig. 13.a,
there is an inflection point of temperature at a radius grossly set by the position at which salts are introduced in the
shell (See 2.2.2) and there are two thermal boundary layers, which is a sign of layering of the convection (It can be
observed on Fig. 8). A few tests varying the position of salts introduction (not shown) have confirmed that it sets
the thickness of the bottom layer. Beside this, this choice has no effect on the dynamics. The inflection gets more
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pronounced for increasing values of the buoyancy number B, . The thermal advection (fig. 13.c), increases with
height classically along the first thermal boundary layer at the bottom, then decreases until reaching a local minimum
between the two convective layers before increasing again along a second thermal boundary layer. The compositional
advection (fig. 13.d), is negative at the bottom of the HP ice layer, implying that the salts are transported downwards,
which is consistent with a layering of the convection. The compositional advection is low in the rest of the HP ice layer
due to the fact that most of the salts remain at the bottom of the shell. The point where the thermal and compositional
advection profiles reach their local minima is the interface between the two distinct convective layers. The thickness of
the lower convective layer is essentially set by the height at which the salts are added, which is somewhat arbitrary in
the model. Therefore, the exact value of the thickness of this layer is not relevant, but we think this effect would occur
naturally because of the way the salts/water mixture should rise through the ice before recrystallizing (See Fig. 1.b).
This layering of the convection is also affecting the radial velocity profile (fig. 13.b), which shows a local maximum
in the middle of the lower layer while the upper layer has a shape similar to that obtained for the whole ice layer in the
low buoyancy number regime.

To summarize, two distinct dynamical regimes exist depending on the value of B,,,,. Also, from Fig. 11.c, the
critical buoyancy number for which we switch between the two regimes depends mainly on the Rayleigh number
Ra,. Therefore, we can build a regime diagram which allows us to separate the stratified convection cases from the
well-mixed ones depending on B, and Ra,, as shown on Fig. 14. Determining the exact value of By, for the
regime change for a given Ra, would require to compute solutions for a much larger number of By, values. Looking
at various profiles, as shown in Fig.11.a, Fig. 12 and Fig. 13, allows us to bracket the transition value of B,,,,. For
each value of Ra, available in this study, this method gives us an interval for By, over which the transition occurs
and Fig. 14 shows the medians of each interval as points and the lengths as error bars.
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Figure 14: Regime diagram showing the separation between well-mixed and stratified convection regimes depending on
the buoyancy number B, and the Rayleigh number Ra,.

salts

3.3. Scaling laws

Several scaling laws can be proposed in order to quantify the effect of salts on the mass transfer efficiency through a
HP ice layer, such as the root-mean-square (RMS) radial velocity at the top interface with the ocean and the temperature
at the bottom interface with the core as function of the Rayleigh number, and the ratio of outflow to the ocean and inflow
from the core as function of the buoyancy number.
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Table 3
Values of the scaling coefficients for the laws w,,, = ¢, Ra’* and Nu = ¢;Ra)" for y = 0.8 and y = 0.9, with K = 1072
y =08 ' 7 =09
Wy, Nu W,y Nu
Bsalrs € Py ‘r Pr ¢ Py ‘r Pr

00 | 013|051 | 025|024 | 0.18 | 05 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 | 052|015 | 027 | 0.14 | 05 | 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 | 052 | 014 | 0.25 | 0.17 | 0.49 | 0.22 | 0.22
3 0.19 | 049 | 0.21 | 0.22 | 0.19 | 0.49 | 0.29 | 0.2
10 0.14 | 05 | 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 the
efficiency of the heat and mass transfer through the HP ice layer. A higher radial velocity at the interface with the
ocean means more efficient mass transfer through the boundary, while the bottom temperature is directly related to
the amount of melt at the interface between the core and the HP ice shell. According to Lebec et al. (2023), a relation
exists between the radial velocity and the Rayleigh number w,, = cwRaZ’” and also between the Nusselt number Nu,
the dimensionless heat flux, and the Rayleigh number Nu = cTRaST, with ¢, p,, and ¢, py the scaling coefficients for
these two laws. In our case of a fixed heat flux, the Nusselt number is defined as Nu = 1/AT, with AT = T+ —T~ the
mean dimensionless temperature difference between the upper and the lower boundaries, which allows us to compute
the dimensional horizontal average bottom temperature 7 ~. For the case without salts (Lebec et al., 2023), we obtained
the following scaling exponents: p,, = 1/2 and p; = 1/5.
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Figure 15: a) Dimensionless radial velocity at the top boundary of the HP ice layer and b) Nusselt number, Nu = L with

T
AT the dimensionless temperature through the ice shell, as functions of the Rayleigh number for various values oAF B
a radius ratio y = 0.8 and a partition coefficient of salts between the ice and the ocean fixed to K = 1072

salts?

These two relations have been plotted in Fig. 15 for K = 1072, y = 0.8 and various values of the buoyancy number
and there are several important points to note. First of all, the scaling exponents are in the range p,, = 0.49 — 0.52
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for wy,,, which is about 1/2, and p; = 0.22 — 0.27 for Nu, which is about 1/4. The exponent for the Nusselt number
is slightly higher than the one obtained in Lebec et al. (2023) for a radius ratio of y = 0.95. The scaling coefficient
pr presented in Table 3 for a radius ratio y = 0.9 is between 1/5 for high values of the buoyancy number, which
corresponds to the coefficient we obtained in Lebec et al. (2023) for the same radius ratio, and 1/4 for low values of
the buoyancy number, which corresponds to the coefficient we obtain here for y = 0.8. This could explain the higher
value obtained in Fig.15.b for y = 0.8. The very high power-law exponent p; = 0.33 obtained for B, = 0.5 has been
excluded from the previous ranges as it seems to be a transitional case between the low and high buoyancy numbers
regimes. For a Rayleigh number Ra, = 107, B,,,, = 0.5 falls in the high buoyancy number regime, the salts have
a large effect on the ice density and the Nusselt number is closer to the ones for high buoyancy numbers, while for
Ra, = 10° the salts have almost no effect on the density and the Nusselt number is closer to the values for low buoyancy
numbers.

The addition of salts in the problem, irrespective of the value of the buoyancy number, does not seem to have a
significant effect on the radial velocity at the top, at least for this range of Rayleigh numbers, meaning that the buoyancy
affects the amount of salts transported via the salt/ice mixture into the ocean through the HP ice layer, but not so much
the velocity at which the transfer occurs. Also, as the salts increasingly accumulate at the bottom of the HP ice layer
when the buoyancy increases, one would think that the radial velocity at the top is likely to be lower for higher values
of By,;s. This, however, is not what is observed in Fig. 15.a; instead, the lowest radial velocities are obtained for the
cases B, = 0.3 and 0.5. This could be due to the layering of the convection for high values of the buoyancy number.
In that case, the salts accumulate in the lower convective layer and the amount of salts in the upper convective layer,
closer to the surface, is low enough for the convection to remain efficient. Therefore, the radial velocity is only slightly
affected, but the ice reaching the ocean is less enriched in salts. On the other hand, for B, = 0.3 and 0.5, the salts
are sufficient to affect the ice density and slow down the exchanges with the ocean, but this effect is too small to create
a layering of the convection, which would allow, as in the previous case for high values of the buoyancy number, to
maintain efficient convection in the upper layer. In this range of values, the ice reaching the ocean is more enriched in
salt but the overall mass transfer across the interface is slowed by their effect on the ice density.

On the other hand, salts have a strong effect on the Nusselt number for high values of the buoyancy number and the
temperature is increased by a factor between 1.5 and 2. As already stated, the formation of a stable, highly-salted layer
at the bottom of the HP ice layer for high values of the buoyancy number leads to stratification of convection, which
is less efficient at transporting heat. Therefore, it leads to a significant increase of the bottom temperature (Fig. 15.b),
meaning more melt at the interface between the core and the HP ice.

The percentage of salts entering from the core that reach the ocean can be computed from the flow ratio f°, which
is the ratio of the total flux of salts across the upper boundary F alts® which includes salts flowing into the ocean by
melting of the topography at the interface and salts accreted to the ice by freezing of a small portion of the ocean, to

the actual flux of salts coming from the core F_ > ﬁ ~ 1 computed by eq. 27:

fo _ saltb(r-'—)2 (30)
o
This parameter is plotted on Fig. 16 as function of the buoyancy number for various values of the partition coefficient.
As can be seen comparing Fig. 16.a and Fig. 16.b the flow ratio of salts f° at the interface between the ice and the
ocean is higher for a radius ratio y = 0.9. The same can be observed for the bottom temperature and the top radial
velocity, which are higher in that case (according to the scaling laws coefficients available in Table. 3). On Fig. 16.a
we can observe that the flux of salts through the top interface is independent of By, for small values of B, but
decreases with the buoyancy number for values larger than around 1. It is consistent with the fact that even if the radial
velocity is relatively stable, the quantity of salts transported through the HP ice layer decreases with an increase of the
buoyancy number. f also decreases with increasing values of the partition coefficient, because the greater the quantity
of salts trapped in the ice during freezing at the top boundary, the lower the net flux of salts towards the ocean. Finally,
Figure 16 shows that for By, ,;; > 1, f° is roughly inversely proportional to By, f° = cp Bml s> Which can easily
be explained. Indeed, for By, > 1, the amount of salts transported by convection in the upper layer decreases for
increasing values of the buoyancy number. In those cases, the effective buoyancy number in the upper convective layer
is proportional to AC' B,,,, with AC' the concentration of salts effectively realised in the upper layer, and should be
less than or nearly equal to 1 for the salts to be easily transported by convection in the upper convective layer. It means
that AC' scales as 1/B Also, as the convection in the upper layer is efficient (Beﬁc < 1), the flux of salts Fs"alm

salts*
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Figure 16: Flow ratio of salts through the ocean/ice interface f° as function of the buoyancy number B, for various
values of K and a Rayleigh number Ra, = 108. a) is for a radius ratio y = 0.8 and b) for y = 0.9. Both panels display the

relation f° = ¢, B! (straight lines) for high values of the buoyancy number with ¢y, p, 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 should
be F° ~ ACiwtop. Therefore, for a fixed radial velocity at the top, F  scales as 1/By,,,. From eq. 30, for a fixed

salts t
value of the flux of salts Fseg; entering the ice from the core, f° also scales as 1/B,,;,.

As shown on Fig. 16, for high values of the buoyancy number, the fraction of salts from the core that ends up in the
ocean is on the order of 0.1 to a few percent, depending on the buoyancy number and the partition coefficient, while it
is around 50% for low values of the buoyancy number and a partition coefficient of 1 and in the range 75 — 100% for

low values of the buoyancy number and lower partition coefficients.

3.4. Applications to Ganymede

The results discussed in the previous section for K = 1072 can be applied to specific planetary bodies. We use
Ganymede as an example because its thick layer of HP ices could be considered an unfavourable environment for salts
transfer, thus making it particularly interesting to estimate the efficiency of salt transfer from the core to the ocean.
With a core radius of about 1 800 km and a total radius of 2 634 km (Hussmann et al., 2015), Ganymede is composed
of a thick hydrosphere of about 834 km (See Table 4 for more details). The thickness of the HP ice layer is written as
function of the core radius and the radius ratio y as:

d=R" <1;y> 31)
Y

For the radius ratios considered in Table 1, this gives a HP ice thickness between 200 and 450 km, which is in the
actual range considered for Ganymede (Bland et al., 2009). As the radius ratio y = 0.8 is the least favourable one in
terms of radial velocity at the top, bottom temperature and effective flux of salts towards the ocean, all the following
calculations are made for this case. First of all, the Rayleigh number can be computed for values in Table 4, with a
viscosity of ice VI 7 = 10'> Pa s and a heat flux from the core ¢ = 20 mW m™? as reference values (Kalousova et al.,
2018):

agqpd* q da \* n\"
Ra, = =""— =4 x 10" , 32
“q kxn (20 mW m—2> <450km> <1015 Pas> G2)
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Table 4

Numerical application table for Ganymede. Most values (if not indicated otherwise) are from Kalousova et al. (2018).
¢ Hussmann et al. (2015).

b Grasset et al. (2013); Sotin and Tobie (2004).

¢ Computed from R~ for y = 0.8 (max thickness) and y = 0.9 (min thickness).

Parameter Symbol  Ganymede  Unit
Thermal expansivity a 1.5%x107% KT
Gravity g 1.6 m s~2
Thermal conductivity k 1.6 Wm~TK-!
Thermal diffusivity K 43x 1077 m?s™!
Reference density p 1390 kgm™3
HP ice viscosity n 10 - 10" Pas
Heat flux for silicate core q 10 — 40 mWm™2
Radius R 2 634° km
Core radius R™ 1 800° km
Ocean radius R, 734 -784  km
Hydrosphere thickness d, 834 km
Crust Ih thickness d;y 50—-100"  km

HP ice thickness d 200 — 450°  km
Bottom melting temperature T~ 332 K

which puts the HP ice layer of Ganymede in the large Rayleigh number regime of convection for any reasonable choice
of parameter values.

We can use the scaling laws obtained earlier (fig. 15) to compute the radial velocity at the top and the bottom
temperature for y = 0.8 and various values of the buoyancy number, using the same reference values as for the Rayleigh

number computed in eq. 32. Here we start with B, = 1:

. q 0.52 d 1.08 n —-0.52
=0.1Ra*?= =33 - S , 33
Wiop Y% g Y 20 mwW m2 450 km 1015 Pas &3

1 k —-0.75 d 0 -0.25
— =0.14Ra*> L =198 x 102 K <L> < ) ( n ) . (34)
AT 9 qd 20 mW m—2 450 km 1015 Pa's

Extrapolating the values from Kalousova et al. (2018) for a HP ice thickness of 450 km, the temperature T at the
interface between the ice and the ocean is equal to the melting temperature which is about 275 K. Therefore, still for
B = 1, the dimensional horizontal average bottom temperature 7~ for the reference values of all parameters is:

salts
T~ =AT+T*"=326K 35)

The bottom temperature is on average very close to the melting temperature for pure water ice, T, = 332 K, which
would imply the existence of at least pockets of melt at the interface with the core, especially as the presence of salts
decreases the melting temperature. The actual value T, = 332 K comes from Kalousova et al. (2018) and has been
computed for pure water ice. In the present case (B, = 1 and Ra, = 1 X 10%), the salts accumulate at the bottom of
the ice layer, lowering the melting temperature and thus increasing the melting capacity at the interface. As previously
stated, for a buoyancy number B,,,, = 1, the accumulation of salts at the interface between the core and the ice
leads to a stable, highly-salted layer at the bottom of the HP ice layer and to the stratification of convection. Stratified
convection being less efficient in transporting heat, leads to the increase of the bottom temperature. Both these effects
on temperature and melting temperature eventually lead to the total melting of this highly-salted layer.

We have also performed these calculations for y = 0.9 from the data available in Table 3 and for B, = 0 and

B = 1 in order to compare the effect of low and high values of the buoyancy number on the radial velocity at top

salts
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Table 5

Results of the numerical application for Ganymede from values of Table 4 for rescaling and for K = 1072, Results for y = 0.8
are computed from scaling laws available in Fig. 15 and in Table 3. Results for y = 0.9 are computed from scaling laws
available in Table 3. Values for T* come from Kalousova et al. (2018) for d = 200 km and extrapolated for d = 450 km.

vy dkm) Ra, By womyr) /ATK) T T7(K)
0 32 27x102 312 275
11
08 450 4x10 1 33 1.98x 102 326 275
0 15 26 =102 347 300
10
09 200 1.6x107 1.1 15x10~2 374 309

and the bottom temperature. All the results are displayed in Table 5. For B, = 0, the salts have no effect on the ice
density and are transported passively through the HP ice layer. Therefore, the salts do not affect the dynamics and we
fall back on the pure ice study case (Lebec et al., 2023). On the other hand, for a high buoyancy number B,,;, = 1
the top radial velocity is of the same order of magnitude as for B, = 0, and the bottom temperature is higher. In
addition, the accumulation of salts decreases the melting temperature, which means that the higher the amount of salts,
the higher the melting capacity. For y = 0.9, the bottom temperature is much higher, but the Nusselt number is close
to the one obtained for the corresponding runs with y = 0.8 due to the thinner HP ice shell. The bottom temperature is
also much higher than the corresponding melting temperature T, = 332 K for pure water ice and we expect substantial
melting to occur in that case. The top radial velocity is on average two to three times smaller for y = 0.9, compared to
y = 0.8, for a Rayleigh number 25 times smaller, also a consequence of the thinner HP ice layer.

The effective dimensional flux of salts F from the core per unit surface area can be estimated for values of the
buoyancy number from O to 10, using eq. 9 and values from Table 4. Considering the reference value of the heat flux
g =20mW m™2, it gives us arange F = 0—2.5x 10~*m yr~!. This can be used in accordance with Fig. 16 for y = 0.8
to estimate a first range of the amount of salts transported across the ocean boundary per unit time. For high values
of the buoyancy number, the fraction of the salts entering from the core that reach the ocean is on average (depending
on the value of K) 0.3% for B,,;; = 10 and 3% for B,,; = 1. This means that for high values of the buoyancy
number the average flux of salts across the top boundary is around 7 X 10~"m yr~!. For a low buoyancy number such
as B,,;; = 0.1, the equivalent fraction is about 50 to nearly 100% depending on K, the flux of salts across the ice/ocean
interface is of the order of 10~%m yr~!.

4. Discussion

In this study we considered a model with a uniform ice viscosity, while it should depend on pressure, temperature,
salt concentration and on the fraction of liquid contained in the shell. We already performed a run with a varying
viscosity in a previous study (Lebec et al., 2023) in order to check this point and the results for a model considering
purely solid-state convection were quite close to those obtained with a constant viscosity. The difference here is the
presence of salts, that would decrease the melting temperature of the ice. Also, the salts have a double effect on the
efficiency of the convection, by allowing the salts/water mixture to remain liquid longer during the ascent through the
bulk, but conversely to increase the ice density, which tends to impede the convection. Therefore, an improvement to
this model would be to consider a two-phase model of convection in the HP ice layer to study all of these aspects.

Another limitation of this model that has already been pointed out in § 3.2.4 comes from the way the salts are added
to the HP ice layer (See § 2.2.2) which affects the results of the runs. Indeed, for low values of the buoyancy number,
the maximum concentration of salts in the shell is around the height at which the salts are added (Fig. 11.a). Also, for
high values of the buoyancy number, a layering of the convection happens and the two independent convective layers
separate at around this height (Fig. 13). As shown in Fig. 1.b and explained in the introduction, if a thin layer or isolated
pockets of melt below the H,O ice layer interact with the core and if this salted water is less dense than pure HP ices,
it should rise through the HP ice layer. Its temperature would start to decrease until it partially, or totally, refreezes
along its path (see Fig. 1.b). As we consider only convection in the solid state, this new salts/ice mixture is the focus of
our study. Therefore, the salts we are studying are integrated into the ice at a given height above the bottom boundary,
certainly close to the bottom interface, but not directly in contact with the core. This makes our model consistent, even
if the height at which the salts are added to the ice is chosen arbitrarily and should not be interpreted quantitatively, as
this height would undoubtedly depend on the type of salt and the implied solidus.
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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 continuous
supply of salts. The amount of salts available is limited and should depend on the quantity of chemical elements capable
of forming salts initially present in the core after differentiation of the planetary body and on their transport toward the
core surface. A more realistic treatment would require to couple our model to a model for the dynamics and evolution
of the core, which clearly falls beyond the scope of the present paper.

The present study shows that the presence of salts and their negative buoyancy makes the bottom temperature
higher. Combined with their effect as a fusing agent in water (which is not modeled here) increases the chances of
melting at the bottom of the HP ice layer compared to pure ice cases. In the case of a large buoyancy number, which
leads to progressive enrichment in salts in a lower sublayer, when a certain quantity of salts accumulation at the bottom
is reached, increasing the temperature at the interface with the core and decreasing the melting temperature, a thin
secondary ocean between the HP ice layer and the core may appear. This ocean is likely to be very salty and it could be
interesting to study its stability and its effect on the overall dynamics and on heat and mass transfer efficiency through
the HP ice layer. In practice, it is difficult to constrain B,,;,, which is why we chose a wide range of values to cover
all possible dynamical regimes.

5. Conclusions

With this work, we investigate the effect of salts on the dynamics of a high-pressure ice shell between a solid core
and a liquid ocean and on the efficiency of the transfer of salts between these two layers. Salts affect the dynamics
through their effect on the density of the ice/salts mixture, the increase of which relative to the decrease of density due
to temperature is quantified by the buoyancy number, B,,;,,. We model an influx of salts from the core, with a fixed
heat flux at the bottom boundary, and we consider a mechanical phase change boundary condition at the top interface
between the ice and the ocean, the effects of which on the dynamics and on the heat and mass transfer through a HP
ice layer have already been studied previously (Lebec et al., 2023). For the sake of simplicity and to understand the
effect of salts only, we chose to consider a uniform viscosity in the HP ice layer and convection in the solid state.
Partial melting has already been considered in several studies (Kalousova and Sotin, 2018; Kalousova et al., 2018;
Kalousova and Sotin, 2020) but with only pure ice. All of these effects could be interesting to combine in a future and
more exhaustive study.

This paper sheds light on some of the questions that had been raised in our previous paper (Lebec et al., 2023). First
of all, as already studied by Bolrao et al. (2021) in the context of magma oceans, if the ocean starts already salted and
without an influx of salts from outside of the system, it ends up reaching a steady-state. For what can be considered to
be low values of the effective buoyancy number, depending on the partition coefficient K of salts between the HP ice
and the ocean at the top interface (see eq. 8), the system even reaches a chemical equilibrium.

Modeling an influx of salts from the core by adding a corresponding concentration of salts slightly above the
interface between the core and the ice, corresponding to what would happen if the salts-enriched water at the bottom
boundary rose through the bulk before recrystallizing at a certain height, two very distinct regimes can be observed.
For low values of the buoyancy number, the salts are easily entrained by solid convection and all the salts entering
the ice from the core reach the ocean. In contrast, for high values of the buoyancy number, the salts accumulate at the
bottom of the HP ice layer and a layering of the convection happens at a depth corresponding to that at which the salts
are added to the shell. This height corresponds to the crystallization point of the water/salt mixture, which depends on
the salts properties. Also, for high values of the buoyancy number, the salts that accumulate at the bottom of the HP
ice layer should increase the temperature of the salts/ice mixture and decrease the melting temperature, causing the
formation of a thin secondary salty ocean between the HP ice layer and the core. Studying the effect of this secondary
ocean on the HP ice layer dynamics could be an interesting topic for a future study.

Interestingly, the radial velocity at the ocean interface scales as a power 1/2 of the Rayleigh number, as for
convection in pure ice (Lebec et al., 2023) and is only slightly affected by the concentration in salts of the HP ice
layer. The Nusselt number scales as a power 1/5 of the Rayleigh number and the bottom temperature increases with
the buoyancy numbers. We also obtained a scaling of the ratio of the salts flux across the ocean interface to that from
the core as function of the buoyancy number and the exponent obtained is —1. These dimensionless scaling laws can
be applied to any planetary body with an internal structure corresponding to our model. This has been done for the
case of Ganymede in § 3.4, choosing values in a relevant range for the least well-constrained parameters, such as the
thickness of the ice, its viscosity and the heat flux from the core. This gives a radial velocity at the ice/water upper
boundary around 3 m yr~! for a HP ice thickness d = 200 km and 1.3 m yr~! for a HP ice thickness d = 450 km,
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which would imply an efficient mass transfer through the interface and that salts reaching the interface should all go
easily into the ocean. It is however difficult to provide a numerical value for the flux of salts reaching the ocean since it
depends on the flux entering the ice from the core. A rough approximation for the large range of the buoyancy numbers
considered in this study gave us a maximum flux around 10~%m yr~!.

Finally, if the temperature at the interface between the core and the ice reaches the melting temperature, all the salts
that would enrich the ocean in the case of a small icy moon with a core in direct contact with a liquid ocean would end
up in the ice in our case, provided the salty water is less dense than the HP ice. From here, two scenarios are possible.
If the flux of salts from the core is low, in the sense that the buoyancy number is small and the density is only slightly
larger than that of pure water ice, the transport of salts through the HP ice layer is efficient and all the salts coming from
the core reach the ocean. On the other hand, if the flux of salts is large , convection is impeded in the lower part of the
ice layer but is still possible in the upper part. We have shown that this process transports a fraction of the incoming
flux such that the effective buoyancy number for the upper convecting layer is of order 0.5. In that case, only a small
fraction of the salts coming from the core would reach the ocean, but considering a stronger flux of salts entering the
ice, this small fraction could amount to a comparable flux reaching the ocean than in the case of a low flux from the
core. To conclude about this aspect would require a better knowledge of the salts available in these moons. Therefore,
future studies and space missions will be needed to better constrain the internal structure and composition of these
water-rich bodies in order to conclude on their habitability.
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Appendix 1. Numerical accuracy
As explained in § 3.2.2, we want to check the numerical accuracy of the imposed flux of salts by computing

the effective flux of salts Fifl]; from eq. 27. Figure 17 depicts Ffaj?; as function of the buoyancy number after the

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

€, . .. . .
show F GJZS for various values of the buoyancy number and partition coefficients and contain the worst case among all

runs of Table 1 in terms of error flux for y = 0.8 (fig. 17a), which is for B,,,, = 3 and K = 10~! and for y = 0.9
(fig. 17b), which is for B,,;;; = 10 and K = 0. The maximum error, all cases combined, is about 1.6%. This error is
mostly due to the resolution at the bottom boundary. In the case of a large buoyancy number, the salts pile up at the
bottom of the HP ice layer over time, which explains why the resolution must increase with B,,,. The worst case for
both values of the radius ratio in terms of error flux is for a Rayleigh number of 10° and the resolution must be finer
for higher Rayleigh numbers. Here we chose to refine the grid at the bottom boundary in order to limit this problem,
as explained in § 2.2.1. We could further refine this boundary layer and increase the resolution of the simulations but
increasing the resolution requires more numerical resources for an already very small error.
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