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Abstract Observations of icy satellites have revealed widespread marks of cryovolcanism. Because
aqueous cryomagmas are negatively buoyant, two processes are required to explain these observations: one
mechanism to generate melt close enough to the surface and another one to transport this melt to the
surface. Here, we investigate the generation of melting in a systematic way, using a set of 85 numerical
simulations where we vary the viscosity contrast, Rayleigh number, and tidal heating rate. Applied to
Europa, considering a hydrosphere composed of pure water, our simulations suggest that isolated
melt pockets can be generated close to the surface (∼5 km) as long as the ice layer thickness (d∗) remains
modest (15 ≤ d∗ ≤ 35 km). However, the generation of melting becomes increasingly difficult as the
amount of antifreeze compounds in the subsurface ocean increases. Furthermore, the proportion of
melting increases very sharply with increasing tidal heating rate. In particular, when the tidal heating rate
exceeds a threshold, an asymptotic regime is reached where the surface heat flux remains constant
indicating that the tidal heat generated above this threshold is only used for melting the ice shell. In that
regime, we found a direct relationship between the surface heat flux and d∗. Finally, we provide a new
assessment of Europa's thermal state. Based on available constraints, we propose that the ice shell
thickness should exceed 15 km. However, d∗ ∼15–35 km implies a tidal power (>2 TW) much larger than
expected. An extrapolation of the trends suggested by our results indicates that a more reasonable tidal
power (∼1 TW) would involve d∗ ∼50–90 km.

Plain Language Summary Eruptions of cryomagmas have been inferred in many icy satellites.
In many cases, the mechanisms producing these eruptions are not yet unambiguously identified. Here, we
focus on one part of the problem, which is how to generate melting within the ice shell of icy satellites.
To do so, we conducte a large number of numerical simulations in 3-D. When applied to Europa, our results
indicate that melt reservoirs may only be generated for a moderately thick ice shell. We also find that, if a
large amount of melting is generated, the surface heat flux is a good proxy for the thickness of the ice shell.
Finally, we provide a new assessment of Europa's thermal state. An extrapolation of our results, combined
to properties generally assumed for Europa, suggests a thick ice shell (∼50–90 km).

1. Introduction
Data gathered from flybys of icy moons by various spacecrafts during the past four decades have led to the
conclusion that cryovolcanism is likely a common feature of these bodies (Kargel, 1995). Evidence of ancient
volcanic activity has been observed on Ganymede (Schenk et al., 2001), Miranda (Pappalardo et al., 1997;
Schenk, 1991), Ariel (Schenk, 1991), while current or contemporary activity has been suggested on Ence-
ladus (Hansen et al., 2006; Porco et al., 2006; Spencer et al., 2006), Europa (Sparks et al., 2017; Jia et al.,
2018; Roth et al., 2014), Titan (Elachi et al., 2005; Lopes et al., 2007, 2013) and Triton (Smith et al., 1989).
In contrast to Earth-like magma, aqueous cryomagmas are negatively buoyant with respect to ice. Conse-
quently, their eruption at the surface of icy bodies cannot be due to buoyancy-driven upwelling, making the
explanation of the observations more challenging.

Several mechanisms have been proposed to overcome this difficulty. For instance, the transport of melt
to the surface may be triggered by fractional crystallization (Mitri et al., 2008) or pressurization (Lesage
et al., 2020; Showman & Han, 2004). Importantly, and regardless of the mechanism considered, the presence
of liquid reservoirs close to the surface is required. While there is, to date, no direct observation of melt
reservoirs, their presence may be needed to explain surface tectonic features such as double ridges on Europa
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(Dombard et al., 2013). The presence of these melt reservoirs does not necessarily imply cryovolcanism,
which may, in addition, depend on the location and amount of this melt. For instance, melting located too
deep or available in too small quantity may not allow the occurrence of cryovolcanism. By contrast, melting
generated in a significant amount and close enough to the surface may induce cryovolcanism or at least
produce distinctive surface features. Note that, for these melt reservoirs, the minimum depth to generate
surface features is unclear. Fractional crystallization mechanisms may involve depths up to ∼10 km (Mitri
et al., 2008), while pressurization mechanisms require shallower reservoirs (typically depths at which ice
behaves as an elastic medium, see, for instance, Lesage et al., 2020; Michaut & Manga, 2014; Manga &
Michaut, 2017) in agreement with observations (e.g., Schmidt et al., 2011).

Nevertheless, the mechanism at the origin of these reservoirs remains a subject of debate. For Europa, a
possible hypothesis is that tidal motion produces strike-slip displacements associated with shear heating
and melting (Gaidos & Nimmo, 2000; Nimmo & Gaidos, 2002). Alternatively, melting may be produced by
convective currents sustained by tidal heating (Kalousová et al., 2014; Sotin et al., 2002). Tidally heated
convection in icy satellites has been widely studied with numerical simulations (e.g., Allu Peddinti &
McNamara, 2019; Běhounková et al., 2010; Han & Showman, 2010; Roberts & Nimmo, 2008; Tobie et al.,
2003). Interestingly, these studies have found that the important characteristics of the convective flow
(e.g., heat flow and temperature distribution) are sensitive to a number of parameters, especially the thick-
ness of the ice layer, the tidal heating rate, and the ice viscosity. For a few values of these parameters, Han and
Showman (2010) found that melt reservoirs could be generated in Europa. The values of these parameters
are however poorly constrained for most icy satellites.

Here, we propose to follow an alternative strategy based on a systematic study of tidally heated convection.
Considering the complexity and the large uncertainties on key properties of icy satellites, we decided to
build a generic framework involving a simple modeling of the ice shell. Our modeling, however, includes
the most crucial complexities affecting the structure and evolution of ice shells, in particular a strongly
temperature-dependent viscosity and mixed (i.e., both basal and internal) heating. Internal heating, here
caused by tidal heating, is further assumed to be a function of viscosity. Using this model, we run a series of 70
numerical simulations in 3-D Cartesian geometry, spanning a large range of parameter values. An advantage
of this method is that it is not designed for a specific body, so that the obtained numerical results can be easily
applied to study a large diversity of problems in various planetary bodies. We first investigate the effects
of the different input parameters on the ability to generate melting with particular emphasis on Europa.
A limitation of this generic framework is that it does not include the effects of melting on the dynamics (i.e.,
change of density and viscosity) and the heat budget (i.e., latent heat), while the results indicate a potential
to generate a large amount of melt. We therefore run 15 additional 3-D numerical simulations specifically
designed to model Europa that account for the effect of melting in the heat budget, following the approach
proposed by Choblet et al. (2017). The comparison between the two sets of numerical simulations shows
that our simple model, without the effects of melting, is appropriate to study the first occurrence of melting
and its location in the ice shell, while the proportion of melting should be assessed using a more complex
modeling. We then explore the influence of the presence of impurities in the liquid ocean on our conclusions.
Finally, we propose a melting regime diagram of Europa's ice shell and a new assessment of its thermal state.
In particular, considering a reasonable value for the amount of tidal heat generated, ∼1 TW (Hussmann &
Spohn, 2004), combined with a significant extrapolation of our results, we suggest that the ice shell thickness
needs to be as thick as ∼50–90 km.

2. Ice Layer as a Tidally Heated Convective System
2.1. Physical Model
Icy satellites are typically composed of a rocky core, differentiated or undifferentiated (e.g., Sotin & Tobie,
2004), surrounded by a hydrosphere. The volume of this hydrosphere strongly varies among icy worlds,
allowing the presence of different phases of ice, depending on the size of the body. All cases involve ice Ih
near the surface, possibly above an ocean of liquid water (Nimmo & Pappalardo, 2016), while, for the largest
objects, denser high-pressure polymorphs of ice can be present beneath the ocean (e.g., Vance et al., 2018). If
impurities behaving as antifreeze, such as ammonia or methanol, are initially present in the outer layer, the
existence of a contemporary subsurface ocean is very likely (e.g., Deschamps & Sotin, 2001; Kamata, 2018;
Spohn & Schubert, 2003). Importantly, subsurface oceans have been inferred in many icy satellites, Europa
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(Khurana et al., 1998), Enceladus (Porco et al., 2006), Ganymede (Kivelson et al., 2002), Titan (Lorenz et al.,
2008), and Callisto (Khurana et al., 1998), based on different types of data. Following these observations, we
consider a system consisting in an outer ice layer above a subsurface ocean.

To model convection within this ice layer, we assume the Boussinesq approximation (Boussinesq, 1903),
where the fluid thermodynamical properties are constant, except for density that depends on temperature in
the buoyancy force. This assumption is particularly appropriate for ice layers, where relatively small varia-
tions of pressure and temperature are involved. We furthermore assume a temperature-dependent viscosity
following the classical Frank-Kamenetskii approximation:

𝜂∗ = 𝜂∗0 exp(−E(T − 0.5)), (1)

with 𝜂∗ the dynamic viscosity, T the dimensionless temperature, 𝜂∗0 the reference (dynamic) viscosity at
the dimensionless reference temperature 0.5, and E the dimensionless activation energy. With this defini-
tion, E = ln(Δ𝜂), where Δ𝜂 is the total viscosity contrast across the ice layer. Note that, here and hereafter,
all the properties are denoted with ∗, while their dimensionless form are denoted without ∗. The rheol-
ogy of ice Ih is probably best described by the composite viscosity framework involving four different creep
mechanisms (Goldsby & Kohlstedt, 2001), some of which being highly nonlinear. In addition, grain size is
expected to evolve depending on the creep mechanism with potentially strong effects on the ice shell viscos-
ity and its dynamics (e.g., Běhounková et al., 2013). In order to keep simulations tractable and to maintain
a more general framework allowing comparison with earlier studies, we adopt a simpler formulation. It
is, however, important to keep in mind that considering a different rheology would affect the heat transfer
and dynamics of the ice shell (e.g., Harel et al., 2020; Reese et al., 1999). Other effects that may impact the
dynamics are ice porosity (filled with void) and ice composition (salt content) near Europa's surface. In the
framework of “subduction,” Johnson et al. (2017) investigated the combined effects of such features and a
temperature-dependent thermal expansion coefficient. They found an important impact on the buoyancy
of slabs and thus their dynamics. As this is not a possibility investigated in the present study, and in order to
maintain a simple thermodynamical framework (Boussinesq approximation), we do not consider such com-
plexities. For water ice Ih, the viscosity contrast Δ𝜂 is estimated to be 107–108 (Durham et al., 2010; Goldsby
& Kohlstedt, 2001). Such high-viscosity contrasts induce very weak convective current for thin ice shells. To
overcome this issue, lower-viscosity contrasts from 102 to 107 are generally assumed (Allu Peddinti & McNa-
mara, 2015; Barr & Hammond, 2015; Běhounková et al., 2010). For a viscosity contrast in the range 102–104,
sluggish-convection operates and produces a relatively fast resurfacing. While ongoing global-scale surface
mobility is reported in the case of Europa (Howell & Pappalardo, 2018; Kattenhorn & Prockter, 2014; Mével
& Mercier, 2005), it has been argued that convective processes might not be responsible for this mobility
(Howell & Pappalardo, 2019). Sluggish-lid regime is therefore probably not pertinent for ice shells. Here, we
focus on the so-called stagnant lid regime obtained for a viscosity contrast larger than 104 (e.g., Davaille &
Jaupart, 1993; Moresi & Solomatov, 1995; Ogawa et al., 1991). This regime is characterized by the formation
of a thick thermally conductive and mechanically rigid lid on top of an almost isoviscous convective interior.
The conductive lid accommodates large viscosity and temperature variations, and its thickness is mainly
controlled by the amplitude of the viscosity change and by the vigor of convection (Rayleigh number). Based
on all these constraints, we restrict our study to viscosity ratios in the range 104–106.

The surface temperature has been determined for different icy satellites. For Europa (Ojakangas & Steven-
son, 1989; Spencer et al., 1999; Trumbo et al., 2018), it is expected to vary spatially by several tens of kelvins.
The potential temperature variations should however occur over a large spatial scale, typically hundreds
of kilometers, so that locally the surface temperature may be considered as homogeneous. For the sake of
simplicity, we therefore consider an ice layer with a constant surface and basal temperature, the former
being colder than the latter. The thermal conductivity of ice depends on temperature (e.g., Andersson &
Suga, 1994), which may affect the evolution of ice shells. For simplicity, we did not account for this depen-
dence, but we discuss its possible impact in section 4. The heat transfer mechanism depends on the ice layer
properties, and its vigor can be quantified by the Rayleigh number:

Ra1∕2 =
𝜌∗g∗𝛼∗ΔT∗d∗ 3

𝜅∗𝜂∗0
, (2)

VILELLA ET AL. 3 of 21



Journal of Geophysical Research: Planets 10.1029/2019JE006248

where 𝜌∗ is the density, g∗ the acceleration of gravity, 𝛼∗ the thermal expansion coefficient, ΔT∗ the tem-
perature contrast across the fluid layer, d∗ the layer thickness, and 𝜅∗ the thermal diffusivity. Note that
in equation (2) the Rayleigh number is defined at viscosity 𝜂∗0 corresponding to the median temperature
T∗

1∕2 = T∗
sur𝑓 + ΔT∗∕2 (T1∕2 = 0.5). For values of the Rayleigh number lower than a threshold value, heat is

transferred by conduction, while it is transferred by thermal convection for larger values. Appropriate val-
ues of Ra1∕2 are difficult to estimate because of large uncertainties on ice layer properties. Here, we consider
different values for the Rayleigh number established using different factors: (i) the potential range of values
estimated for different icy satellites, (ii) the necessity to assume a Rayleigh number large enough to have
vigorous convection, and (iii) the difficulty to generate melting for thick ice layers.

In addition to basal heating, we assume that the ice layer is tidally heated. Tidal heating produces a het-
erogeneous heating pattern and its amplitude strongly depends on the orbit of the icy moons, their internal
structure, and properties (e.g., Choblet et al., 2017;Kamata et al., 2015;Tobie et al., 2005) such that a detailed
modeling of their evolution requires to couple orbital and thermal evolution (e.g., Běhounková et al., 2010;
Han & Showman, 2010, 2011; Hussmann & Spohn, 2004). Because of this coupling, the evolutions of icy
moons depend not only on their own properties but also on the properties of the planet around which they
orbit and its other satellites. Alternatively, one may use a collection of precalculated models, each of these
models being representative of a short-term orbital evolution of this satellite at a given location of the satel-
lite on its orbit, to constrain the long-term evolution of icy moons. Here, we follow this approach and, as
suggested by Tobie et al. (2003), we assume that the tidal heating within the outer ice layer varies with the
viscosity following:

H∗
tidal =

2H∗
max𝜂∕𝜂melt

1 + (𝜂∕𝜂melt)2 , (3)

where H∗
tidal is the local heating rate caused by tidal heating, H∗

max is the maximum value of the heating
rate produced for 𝜂 = 𝜂melt, with 𝜂melt the viscosity close to the melting point, which, in our case, corre-
sponds to the bottom viscosity. Note, however, that the viscosity, or equivalently the temperature, for which
the tidal dissipation is maximum can change following the rheology considered (Han & Showman, 2010).
This would change the location where tidal heating is maximum, the pattern of tidal heating, and the total
amount of heat generated. For instance, if we assume that the maximum tidal dissipation is reached for a
larger temperature than that assumed in equation (3), the quantity of melting would increase, whereas for
a lower temperature melting would be generated less easily (Howell & Pappalardo, 2018; Mitri & Show-
man, 2005). Nevertheless, we adopt a modeling where this temperature is fairly low, which may slightly
underestimate the generation of melting, in order to obtain more conservative results on the occurrence of
melting. Furthermore, this approach, unlike models coupling thermal convection and tidal dissipation (e.g.,
Běhounková et al., 2010; Han & Showman, 2010), has the advantage that it does not require to specify a
priori the properties of the icy satellite considered.

In this approach, H∗
max is an input parameter, while the total amount of tidal heat generated cannot be esti-

mated a priori. This amount is depending on H∗
max and on the precise thermal structure of the convective

system. It is therefore useful to define a “volume average tidal heating rate” H∗
avg corresponding to the homo-

geneous heating rate required to produce the equivalent amount of heat generated by tidal heating. Note
that in Cartesian geometry the conservation of energy implies that

𝜙∗
top = 𝜙∗

bot + H∗
avgd∗, (4)

where 𝜙∗
top and 𝜙∗

bot are the surface and bottom heat flux, respectively. This indicates that the surface heat
flux is larger than the bottom heat flux, which is, at steady state, a combination of the heat flux from the
rocky core and possibly the heat generated within the subsurface ocean. We investigate a large range of
values for H∗

max. The lower bound corresponds to the value required to obtain melting for thin ice shells, the
most favorable case for melting, while the upper bound corresponds to the value required to obtain 𝜙∗

bot ≈ 0.
Although potentially interesting, we decided to not consider cases with 𝜙∗

bot < 0, for which the ice shell is
heating the subsurface ocean.

2.2. Numerical Model
The numerical simulations are conducted in 3-D Cartesian geometry using the numerical code StagYY
(Tackley, 2008). This code solves the dimensionless conservation equations of mass, momentum, and energy
for the physical model described in section 2.1. The properties of the system are made dimensionless using
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Table 1
Input Parameters of Numerical Simulations: Rayleigh Number (Ra1∕2), Dimensionless Maximum Heating Rate (Hmax, See Text for More Details), Viscosity Contrast
Across the Ice Layer (Δ𝜂)

Ra1∕2 Hmax Δ𝜂 Elapsed Ram Surface Bottom Havg 𝜃m d∗w Aw d∗c Ac

time heat flux heat flux (km) (%) (km) (%)
1,500 0.7 104 16.33 1.91 × 104 1.54 1.35 0.19 0.776 5.2 0.16 / /
1,500 0.9 104 6.797 2.29 × 104 1.62 1.35 0.27 0.796 5.0 0.56 / /
1,500 1.0 104 9.729 2.47 × 104 1.63 1.32 0.31 0.804 3.1 0.91 / /
1,500 1.2 104 5.597 2.86 × 104 1.67 1.28 0.39 0.820 3.0 1.83 / /
1,500 1.25 104 3.767 3.05 × 104 1.68 1.27 0.41 0.827 3.0 2.06 / /
1,500 1.3 104 15.45 3.11 × 104 1.69 1.25 0.44 0.829 2.9 2.67 / /
1,500 1.8 104 11.44 4.66 × 104 1.80 1.10 0.70 0.873 2.8 9.36 2.9 2.68
1,500 2.1 104 5.485 6.31 × 104 1.87 0.97 0.90 0.906 2.7 19.9 2.8 10.0
1,500 2.5 104 12.88 8.96 × 104 1.95 0.75 1.20 0.944 2.6 40.2 2.7 30.8
1,500 3 104 7.640 1.29 × 105 2.04 0.47 1.57 0.984 2.5 63.6 2.5 57.7
1,500 3.5 104 8.846 1.69 × 105 2.13 0.21 1.92 1.013 2.4 79.8 2.4 76.5
10,000 2.0 104 3.788 5.65 × 105 3.10 1.91 1.19 0.938 10.2 0.19 / /
10,000 2.5 104 3.455 6.92 × 105 3.16 1.54 1.62 0.960 8.0 1.13 / /
10,000 2.8 104 3.556 7.80 × 105 3.23 1.34 1.89 0.973 3.8 2.55 / /
10,000 3 104 4.114 8.32 × 105 3.25 1.19 2.06 0.980 3.4 5.28 10.7 0.00
10,000 3.2 104 6.940 9.04 × 105 3.31 1.06 2.25 0.989 3.1 34.3 3.7 0.51
10,000 3.5 104 6.756 9.73 × 105 3.38 0.88 2.50 0.997 3.0 73.6 3.2 28.7
10,000 3.7 104 3.348 1.02 × 106 3.42 0.76 2.66 1.002 2.9 82.6 3.0 62.0
10,000 4 104 2.084 1.09 × 106 3.53 0.62 2.91 1.009 2.8 86.2 2.9 80.8
10,000 4.5 104 1.942 1.20 × 106 3.63 0.32 3.31 1.020 2.7 89.4 2.8 86.7
10,000 5 104 2.485 1.36 × 106 3.80 0.11 3.69 1.033 2.6 92.5 2.6 90.5
100,000 6 104 0.470 8.79 × 106 6.66 1.62 5.04 0.986 14.7 0.38 / /
100,000 6.5 104 0.453 9.55 × 106 6.85 1.32 5.53 0.995 3.8 2.73 / /
100,000 7 104 0.406 1.03 × 107 6.99 0.99 6.00 1.003 3.3 57.8 3.8 1.38
100,000 7.5 104 0.438 1.10 × 107 7.17 0.70 6.47 1.010 3.1 85.1 3.3 34.9
100,000 8 104 0.420 1.18 × 107 7.34 0.44 6.90 1.018 3.1 89.0 3.1 84.1
1,000 1.0 105 9.867 6.52 × 104 1.60 1.31 0.29 0.863 6.1 0.53 / /
1,000 1.1 105 22.26 6.31 × 104 1.58 1.26 0.32 0.860 5.3 0.87 / /
1,000 1.27 105 7.430 7.33 × 104 1.62 1.23 0.39 0.873 4.2 1.49 / /
1,000 1.3 105 15.79 7.85 × 104 1.64 1.24 0.40 0.879 4.1 1.55 / /
1,000 1.35 105 9.483 8.22 × 104 1.65 1.22 0.43 0.883 4.0 1.74 / /
1,000 2 105 6.609 1.48 × 105 1.75 0.96 0.79 0.934 3.8 10.5 4.1 1.07
1,000 2.5 105 12.10 1.57 × 105 1.83 0.70 1.13 0.967 3.7 41.4 3.8 24.6
1,000 3 105 6.649 2.95 × 105 1.91 0.44 1.47 0.994 3.5 68.6 3.6 59.9
1,000 3.5 105 3.643 3.72 × 105 2.00 0.19 1.81 1.014 3.3 82.8 3.4 78.8
10,000 1.5 105 4.226 1.45 × 106 3.27 2.45 0.82 0.932 / / / /
10,000 3 105 6.002 2.51 × 106 3.47 1.39 2.08 0.980 15.2 0.46 / /
10,000 3.2 105 2.029 2.66 × 106 3.51 1.26 2.25 0.985 15.0 0.91 / /
10,000 3.5 105 2.286 2.85 × 106 3.59 1.07 2.52 0.991 5.1 2.09 / /
10,000 3.7 105 1.947 2.99 × 106 3.63 0.95 2.68 0.995 4.4 22.4 / /
10,000 4 105 2.577 3.20 × 106 3.70 0.76 2.94 1.001 4.2 77.5 4.7 2.09
10,000 4.5 105 2.087 3.51 × 106 3.82 0.47 3.35 1.009 3.8 86.7 4.0 76.1
10,000 5 105 2.073 3.94 × 106 3.96 0.22 3.74 1.019 3.8 90.2 3.8 86.7
100,000 6 105 0.481 2.54 × 107 6.88 1.90 4.98 0.981 33.8 0.00 / /
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Table 1 (Continued)

Ra1∕2 Hmax Δ𝜂 Elapsed Ram Surface Bottom Havg 𝜃m d∗w Aw d∗c Ac

time heat flux heat flux (km) (%) (km) (%)
100,000 6.5 105 0.664 2.72 × 107 7.04 1.55 5.49 0.987 33.8 0.06 / /
100,000 7 105 0.715 2.95 × 107 7.20 1.20 6.00 0.994 32.4 0.45 / /
100,000 7.5 105 0.739 3.16 × 107 7.38 0.89 6.49 1.000 11.2 2.30 / /
100,000 8 105 0.621 3.39 × 107 7.56 0.60 6.96 1.006 4.5 17.1 22.0 0.01
100,000 8.5 105 0.704 3.63 × 107 7.73 0.33 7.40 1.012 4.5 81.7 6.0 1.94
100,000 9.0 105 0.692 3.89 × 107 7.91 0.10 7.81 1.018 4.0 88.1 4.5 37.4
1,000 1.3 106 4.442 3.97 × 105 1.88 1.40 0.48 0.933 10.4 0.14 / /
1,000 1.5 106 4.499 4.43 × 105 1.90 1.31 0.59 0.941 10.0 0.42 / /
1,000 1.8 106 4.234 5.37 × 105 1.93 1.15 0.78 0.955 8.8 1.30 / /
1,000 2 106 4.448 6.00 × 105 1.94 1.04 0.90 0.963 5.5 2.48 / /
1,000 2.5 106 10.35 8.02 × 105 2.01 0.75 1.26 0.984 5.2 32.1 10.0 0.01
1,000 3 106 4.003 9.86 × 105 2.08 0.48 1.60 0.999 4.8 74.7 5.0 51.1
1,000 3.5 106 3.804 1.18 × 106 2.18 0.24 1.94 1.012 4.5 86.2 4.6 81.1
1,000 4 106 6.513 1.37 × 106 2.29 0.02 2.27 1.023 4.3 90.9 4.4 87.9
10,000 3 106 1.852 7.08 × 106 3.84 1.75 2.09 0.975 / / / /
10,000 3.5 106 2.011 8.02 × 106 3.95 1.41 2.54 0.984 23.0 0.02 / /
10,000 4 106 1.633 8.95 × 106 4.03 1.05 2.98 0.992 21.4 0.55 / /
10,000 4.5 106 0.965 1.00 × 107 4.14 0.72 3.42 1.000 5.7 15.2 22.8 0.00
10,000 4.7 106 1.004 1.04 × 107 4.20 0.60 3.60 1.003 5.6 58.6 11.7 0.03
10,000 5 106 0.960 1.10 × 107 4.27 0.42 3.85 1.007 5.3 83.6 5.8 5.02
10,000 5.5 106 1.033 1.23 × 107 4.43 0.18 4.25 1.015 4.9 89.2 5.2 80.6
100,000 8.0 106 0.355 9.22 × 107 8.09 1.12 6.97 0.994 49.7 0.09 / /
100,000 8.5 106 0.579 1.00 × 108 8.28 0.81 7.47 1.000 48.9 1.04 / /
100,000 9.0 106 0.305 1.06 × 108 8.45 0.51 7.94 1.004 31.3 6.66 / /
100,000 9.5 106 0.500 1.13 × 108 8.63 0.23 8.40 1.009 16.6 30.9 / /
100,000 10.0 106 0.500 1.22 × 108 8.81 0.01 8.80 1.014 7.2 82.3 33.6 0.11

Note. We also report some key characteristics of the numerical simulations: dimensionless time calculated for the numerical simulation, effective Rayleigh
number (Ram), dimensionless top and bottom heat flux, dimensionless average heating rate (Havg), dimensionless temperature of the well-mixed interior (𝜃m),
minimum depth at which the temperature is exceeding the melting temperature (d∗w and d∗c ) together with the maximum proportion of material above the
melting temperature at a given depth (Aw and Ac), calculated for Europa assuming an ocean composed either of pure water (subscript w) or of a mixture of
water and 10 wt% of MgSO4 (subscript c), respectively. The symbol “/” indicates that no melting is generated.

the classical characteristic quantities (see Tackley, 2008 for more details). In particular, heating rates are
made dimensionless using

H = H∗d∗2

𝜆∗ΔT∗ , (5)

where 𝜆∗ is the thermal conductivity, here assumed constant. The top and bottom mechanical boundary
conditions of the system are free slip, while the sides are reflecting. The initial temperature condition consists
in linear variations of temperature close to the top and bottom surfaces and a constant temperature interior,
to which random, small-amplitude, temperature perturbations are superimposed. We stop the numerical
simulations when the top and bottom heat fluxes reach a statistical steady state, which is characterized
here by temporal fluctuations equal to zero on average. The grid resolution and domain aspect ratio are
either 256 × 256 × 64 and 8:8 or 512 × 512 × 64 and 4:4 or 2:2, respectively. With this setup, we conducted
70 simulations varying Ra1∕2 in the range 103–105, Δ𝜂 between 104 and 106, and Hmax between 0.7 and 10
(Table 1). A general description of the numerical results is provided in the supporting information. The
following sections are dedicated to the application of these results to the hydrosphere of Europa.
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Table 2
Model Parameters Used in This Study for Europa

Parameter Symbol Value Unit
Radius R∗ 1,560 km
Rocky core radius R∗

c ∼1,400a km
Gravity acceleration g∗ 1.3 m/s2

Surface temperature T∗
sur𝑓 95 K

Expansion coefficient 𝛼∗ 1.62 × 10−4a K−1

Density 𝜌∗ 920b kg/m3

Thermal diffusivity 𝜅∗ 1.36 × 10−6c m2/s
Thermal conductivity 𝜆∗ 2.5c W·m−1·K−1

Latent heat of fusion L∗ 284 × 103d J/kg
Viscosity close to melting point 𝜂∗melt 3 × 1013e Pa s

Note. The ice properties are taken for a temperature of 260 K. aAnderson et al. (1998).
bOjakangas and Stevenson (1989). cKirk and Stevenson (1987). dHogenboom et al.
(1997). eArakawa and Maeno (1994).

3. Melting in Icy Satellites
The simulations listed in Table 1 may, in principle, be applied to all icy bodies. It is, however, interesting to
illustrate them with a specific example. Furthermore, these simulations do not account for the effects of melt
itself on the heat budget. To assess the occurrence and distribution of melt within the ice shell of icy bodies,
we therefore proceed in two steps. First, we apply our results to Europa, within which presence of reservoirs
of partially molten material close to the surface has been suggested (e.g., Dombard et al., 2013; Manga &
Michaut, 2017; Michaut & Manga, 2014) and whose physical properties are relatively well constrained. Note
that two scheduled missions, Europa Clipper (National Aeronautics and Space Administration) and JUICE
(European Space Agency), may bring additional constraints refining Europa's internal structure. Second,
we run another set of numerical simulations in which the effect of melting in the heat budget is modeled
following the approach proposed by Choblet et al. (2017). In contrast to the calculations listed in Table 1,
these additional simulations are bound to Europa and cannot be used to study other bodies.

Estimating the amount and location of melting as a function of input parameters requires to identify, in
each numerical simulation, the regions where the local temperature is higher than the melting temperature.
A first step is therefore to dimensionalize the temperature fields and spatial dimensions of our numerical
simulations. The scale used for the spatial dimensions is the ice layer thickness (d∗), a property difficult to
estimate and whose value is very uncertain in most icy satellites (e.g., Anderson et al., 1997, 1998; Kuskov
& Kronrod, 2005). In addition, the average ice layer thickness is expected to evolve throughout the moon's
history (e.g., Allu Peddinti & McNamara, 2019; Hussmann & Spohn, 2004). At a given time, the ice layer
may further vary laterally. For objects such as Enceladus, and owing to a small internal pressure, lateral
variations in ice shell thickness could be as large as the average value (e.g., Čadek et al., 2019), provided that
the viscosity is sufficiently high to overcome the viscous relaxation. In the specific case of Europa, numerical
models typically report lateral variations in the ice shell thickness in the range 5–10 km (Tobie et al., 2003),
while more recent studies suggest that preserving such variations against viscous relaxation would require
unrealistically large viscosities (Čadek et al., 2017). Due to these uncertainties, we investigate a relatively
large range of values dictated by the choice of dimensionless parameters introduced above. According to
equation (2), the ice layer thickness can be expressed as a function of the input parameters of our models
following

d∗ =
( Ra1∕2𝜅

∗𝜂∗0

𝜌∗g∗𝛼∗ΔT∗

)1∕3

, (6)

where 𝜂∗0 = 𝜂∗meltΔ𝜂
1∕2, with 𝜂∗melt being the viscosity of ice close to its melting point and Δ𝜂 = exp(E). Note

that by definition, 𝜂∗melt is also the viscosity at the bottom of the ice layer. Assuming an ice Ih composition for
the ice shell, parameters of equation (6) are well constrained (Table 2), except for 𝜂∗melt and the temperature
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Figure 1. (a, b) Proportion of material above the melting temperature and (c, d) average potential melting rate (see text
for more details) as a function of depth for two different values of the Rayleigh number. For both cases, we show the
results obtained with different values of the tidal heating rate. In (a) and (b), a proportion of 100% and 0% means the
material is fully above the melting temperature or fully solid, respectively. Calculations are done using the properties of
Europa given in Table 2, and the thickness of the ice layer is constrained from the assumed value of Ra1∕2. Here, the
subsurface ocean is composed of pure water, and the melting temperature is given by equation (7).

at the base of the ice layer T∗
bot. The viscosity close to the melting point has been estimated by previous

studies based either on the observations of flow features (e.g., Jankowski & Squyres, 1988; Melosh & Janes,
1989; Nimmo & Manga, 2002; Showman & Han, 2004) or on deformation experiments (e.g., Arakawa &
Maeno, 1994; Goldsby & Kohlstedt, 2001) and it has been suggested to be in the range 1012–1015 Pa s. Here,
we assume that 𝜂∗melt = 3 1013 Pa s, but it is important to keep in mind that large uncertainties remain on
its exact value. The temperature contrast across the ice layer, which is also the temperature scale necessary
to dimensionalize the temperature fields, can be calculated from the surface temperature (T∗

sur𝑓 , listed in
Table 2) and the temperature at the bottom of the ice layer (T∗

bot). Dimensionalizing the numerical results
therefore depends on the determination of T∗

bot. Assuming the presence of a subsurface ocean, this bottom
temperature is given by the melting temperature at that depth.

3.1. Occurrence of Melting
We first assume that the ice layer and the subsurface ocean are both composed of pure water (effects of
impurities will be investigated in section 3.3). Following Chizhov (1993), the melting temperature of pure
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water, T∗
melt, can be expressed as

T∗
melt = 273.2

(
1 −

p∗

395

)1∕9

, (7)

where p∗ is pressure in megapascals. To calculate pressure at a given depth (d∗
i ), we assume that density is

constant with pressure and that pressure is given by p∗ = 𝜌∗g∗d∗
i . Equation (7) gives T∗

bot, the temperature
at the interface between the ice layer and the subsurface ocean, since it corresponds, by definition, to the
melting temperature at that depth. This, in turn, gives access to the temperature contrast across the ice layer.

In order to identify regions where melting is present, the dimensional temperature fields are compared
to the melting temperature. In Figures 1a and 1b, we plotted the average amount of material above the
melting temperature as a function of depth for different values of the tidal heating rate and for two different
values of (Ra1∕2,Δ𝜂). For information, we also report in Table 1 the minimum depth where melting may
be generated together with the maximum proportion of material above the melting temperature for each
numerical simulation. Interestingly, the results reported in Table 1 and Figures 1a and 1b show that the
volume fraction of the temperature field above the melting point increases very sharply with increasing tidal
heating rates. For instance, in Figure 1b, the maximum amount of material above the melting temperature
at a given depth is about 15% and 84%, for Havg of 4.75 × 10−6 and 5.20 × 10−6 W/m3, respectively. This effect
is, however, less pronounced for very thin ice layers, as shown in Figure 1a, where the amount of tidal heat
generated would need to double to observe a similar effect. It is, however, important to keep in mind that the
effect of latent heat is not considered in these models, so that the amount of material above the melting point
is not indicative of actual melting. One way to estimate the potential amount of melting is by calculating the
amount of heat available for melting. To achieve this, one identifies every parcel of fluid with a temperature
T∗ above the local melting temperature T∗

melt and calculate the excess of heat. Assuming that all the excess
of heat is used to produce melting, we obtain the local production of melt:

𝛿X∗
melt =

C∗
p

L∗ (T
∗ − T∗

melt), (8)

with C∗
p = 𝜆∗∕(𝜌∗𝜅∗) the specific heat capacity and L∗ the latent heat of fusion. This potential production of

melt is then laterally averaged and reported in Figures 1c and 1d. One interesting outcome of this figure is
the low X∗

melt predicted at the base of the layer. In this area, although there is a large proportion of material
with a temperature larger than the melting temperature, the temperature excess involved is generally low
so that only a low proportion of melting is expected. Because the effect of the latent heat is only accounted
for a posteriori, it is difficult to assess the relevance of the potential production of melt calculated here.
Furthermore, the simplicity of our numerical model implies that results with a large amount of material
above the melting temperature may not be applicable. In the remainder of this section, we therefore do not
attempt to constrain the actual amount of melting but rather focus on the first occurrence of melting, that
is, values of Hmax large enough to produce melting but low enough to avoid the complete melting of part of
the ice layer.

A second important result shown in Figure 1 is that the two cases are characterized by a different temper-
ature distribution. In Figure 1b, temperatures exceeding the melting point appears in the upper half of the
layer, as illustrated in Figure 2b, while in Figure 1a, such hot regions appear at the base of the layer and then
possibly propagates upward to form wide plumes (Figure 2a). However, the occurrence of melting would
induce the formation of negatively buoyant parcels of liquid water, an effect not modeled here but that may
significantly affect the dynamics of upwelling warm ice instabilities (Tobie et al., 2003). As a result, we expect
that the location of temperature values above the melting point indicated by our results, especially the min-
imum depth, may not be relevant when the melt distribution is similar to that in Figure 1a. By contrast,
for temperature distributions as those displayed in Figure 1b the minimum depth, where melting could be
generated, and the depth at which maximal melting occur are robust features, even though accounting for
the effect of melt on the bulk ice matrix density could add oscillatory phenomena (Tobie et al., 2003). As
a consequence, we report in Figure 3 the results obtained for all the conditions explored, but we will only
describe the cases similar to Figure 2b, where melt pockets are generated.

Interestingly, and independently of the viscosity contrast, melt pockets are generated only when the ice layer
is moderately thick (15 ≤ d∗ ≤ 35 km, Figures 3c, 3e, 3f, and 3h). For these conditions, melt pockets are
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Figure 2. Portions of the temperature field where the isosurfaces highlight the material above the melting temperature.
Background colors denote the temperature distribution on the box boundaries, where red and blue correspond to hot
and cold material, respectively, and a logarithmic color scale is applied to enhance the visibility of the convective
interior. The results are computed for Europa using numerical simulations conducted with (a) Δ𝜂 = 105,Ra1∕2 = 1, 000
and Hmax = 2.0 (corresponding to a thickness of ∼7 km) and (b) Δ𝜂 = 105,Ra1∕2 = 10, 000 and Hmax = 3.5
(corresponding to a thickness of ∼16 km). The model assumes that the subsurface ocean is composed of pure water,
and the melting temperature of water is given by equation (7).

transient features located right below the conductive lid. Therefore, following the change of the conductive
lid thickness, the minimum depth where melt is generated slightly increases with the viscosity contrast
and the ice layer thickness while remaining fairly shallow (around 4–6 km). The fate of these putative melt
pockets is, however, difficult to determine. For such shallow depths, it is possible that part of the melt reaches
the surface (Lesage et al., 2020; Mitri et al., 2008; Showman & Han, 2004), while most of the melt probably
sinks to the subsurface ocean via percolation through the solid ice matrix (Kalousová et al., 2014, 2016). The
occurrence of these melt pockets may therefore favor material exchange between the subsurface ocean, the
ice layer, and potentially the surface.

3.2. Effects of Melting on the Heat Transfer Within the Ice Shell
The previous results have been established using an approach that estimates the occurrence of melting a
posteriori, implying that the effects of melting on the heat budget of the ice shell were neglected. A more
appropriate description of melting might significantly alter our conclusions. To assess the robustness of our
results, we have conducted an additional set of numerical simulations including the effects of melting on
the heat budget.

For this, we follow the description of the melting effects proposed by Choblet et al. (2017). In this approach,
it is assumed that the melt is instantaneously extracted from the ice shell, which is valid when melt transport
occurs in a much faster timescale than the convective motion, in line with the results of Kalousová et al.
(2014) obtained with a full description of the two-phase flow. In that case, all the material above the local
melting temperature (T∗

melt) is set back at T∗
melt. This process is equivalent to remove heat from the system,

and the associated heat loss (P∗
melt) represents the amount of energy available to produce melt, which can be

calculated at every time step using

P∗
melt = ∫V∗

𝜌∗liqC∗
p(T

∗ − T∗
melt)𝛿t∗−1dV∗, (9)

where V∗ is the volume of the ice shell, 𝜌∗liq = 1, 000 kg/m3 the density of liquid water, C∗
p = 𝜆∗∕(𝜌∗𝜅∗) the

specific heat capacity, T∗ the value of the local temperature when above the melting temperature, and 𝛿t∗ the
time difference between the time steps. The proportion of melt (a∗

melt) can subsequently be estimated using

a∗
melt =

P∗
melt

𝜌∗liqL∗V∗ , (10)

where L∗ is the latent heat of fusion and V∗ the volume of the ice shell considered. This relationship pro-
vides the proportion of the ice shell melting per second. For convenience, a∗

melt may be converted in %/Myr
indicating the proportion (in percent) of the ice shell melting every million years.

While in section 3.1 the melting profile has been considered a posteriori to infer the possible occurrence
of melting, in this new framework, where the melting effect is accounted for in the conservation of energy,
the melting temperature has to be prescribed as an input parameter. Note that, since the melting profile
depends on parameters such as the thickness of the ice shell and the ocean composition, the simulations
presented here are not as generic as the subsolidus convection runs mentioned above. For the sake of exam-
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Figure 3. (a–i) Proportion of material above the melting temperature as a function of depth for different cases. A
proportion of 100% and 0% means the material is fully above the melting temperature or fully solid, respectively.
Calculations are done using the properties of Europa given in Table 2, and the thickness of the ice layer is constrained
from the assumed value of Ra1∕2. Here, the subsurface ocean is composed of pure water, and the melting temperature
is given by equation (7).
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Table 3
Numerical Simulations Including the Effects of Melting Following Choblet et al. (2017)

Ra1∕2 H∗
max d∗ T∗

bot 𝜃∗m 𝜙∗
top 𝜙∗

bot H∗
avg P∗

melt a∗melt/d∗

(W/m3) (km) (K) (K) (mW/m2) (mW/m2) (10−6 W/m3) (TW) (%/Myr)
(1) (2) (1) (2) (1) (2) (1) (2) (2) (2)

1,000 9.16 × 10−6 7.3 273 248 / 96 / 77 / 2.64 / / /
1,000 1.06 × 10−5 7.3 273 250 / 99 / 75 / 3.26 / / /
1,000 1.08 × 10−5 7.3 273 251 / 100 / 75 / 3.40 / / /
1,000 1.12 × 10−5 7.3 273 252 252 100 101 74 74 3.59 3.61 0.00 0.07
1,000 1.67 × 10−5 7.3 273 261 260 107 106 58 59 6.60 6.48 0.04 1.82
1,000 2.08 × 10−5 7.3 273 267 265 111 105 43 47 9.38 8.76 0.18 9.03
1,000 2.50 × 10−5 7.3 273 272 267 116 105 27 38 12.3 10.9 0.38 18.7
1,000 2.91 × 10−5 7.3 273 275 268 122 105 12 32 15.1 12.9 0.63 31.5
10,000 2.65 × 10−6 15.8 272 260 / 92 / 69 / 1.45 / / /
10,000 5.31 × 10−6 15.8 272 268 / 97 / 39 / 3.69 / / /
10,000 5.66 × 10−6 15.8 272 269 / 98 / 35 / 3.99 / / /
10,000 6.19 × 10−6 15.8 272 270 270 100 100 30 30 4.45 4.45 0.00 0.08
10,000 6.55 × 10−6 15.8 272 271 271 102 101 26 29 4.75 4.74 0.06 1.48
10,000 7.08 × 10−6 15.8 272 272 271 103 102 21 28 5.20 5.16 0.22 5.01
10,000 7.96 × 10−6 15.8 272 273 271 107 103 13 28 5.93 5.82 0.54 12.3
10,000 8.85 × 10−6 15.8 272 275 271 111 102 6.1 26 6.62 6.47 0.79 18.1
100,000 2.26 × 10−6 34.1 270 267 / 88 / 24 / 1.87 / / /
100,000 2.44 × 10−6 34.1 270 268 / 90 / 20 / 2.06 / / /
100,000 2.63 × 10−6 34.1 270 269 269 92 92 16 15 2.25 2.25 0.00 0.00
100,000 2.82 × 10−6 34.1 270 270 270 95 95 11 11 2.44 2.44 0.00 0.02
100,000 3.01 × 10−6 34.1 270 271 271 97 96 7.7 9.0 2.62 2.61 0.06 0.63
100,000 3.20 × 10−6 34.1 270 272 271 99 97 4.2 8.5 2.78 2.78 0.20 2.11
100,000 3.38 × 10−6 34.1 270 273 271 101 97 1.2 8.1 2.94 2.94 0.36 3.82

Note. (1) indicates the initial numerical simulations reported in Table 1, while (2) indicates the numerical simulations including melting. We report here values
for the Rayleigh number (Ra1∕2), the maximum heating rate (H∗

max), the thickness of the ice layer (d∗), the temperature at the interface between the ice layer and
the subsurface ocean (T∗

bot), the temperature of the well-mixed interior (𝜃∗m), the surface heat flux (𝜙∗
top), the bottom heat flux (𝜙∗

bot), the average tidal heating
rate (H∗

avg), the amount of heat available for producing melt in the whole ice shell assuming that d∗ is constant (P∗
melt), and the proportion of the ice layer that

should melt per million year (a∗melt). The symbol “/” indicates that, because the low amount of melting, the numerical simulation including the effect of melting
has not been conducted.

ple, we choose to consider the ice shell of Europa in the pure water case with a viscosity contrast Δ𝜂 = 105.
An exhaustive study would request to investigate different bodies and/or different values of the viscosity
contrast. This is, however, out of the scope of this paper, but note that, while we only study these specific
conditions, our results can easily be adapted to other cases. We have modified StagYY (Tackley, 2008) fol-
lowing this formalism (see for more details Choblet et al., 2017) and successfully compared our results to
those obtained by OEDIPUS (Choblet, 2005; Choblet et al., 2017). Next, we selected the numerical simula-
tions exhibiting a large volume fraction of the temperature field above the melting point (Table 3), and, for
each of these simulations, we used their final state as an initial condition for the modified version of StagYY.
We ran the numerical simulations until an equilibrium state is reached. Results are reported in Table 3 and
Figure 4, along with the corresponding results without melting effects listed in Table 1.

We first observe that, for d∗ = 15.8 km and d∗ = 34.1 km (Figures 4a and 4b), the surface and bottom heat
fluxes remain constant for a tidal heating rate above a certain value, corresponding to the threshold value for
the generation of a nonnegligible amount of melt. This means that, for a given Rayleigh number and viscosity
contrast, tidal heating is used to heat the system up to a critical threshold. Above this threshold, the exceed-
ing tidal heat is only used to produce melt that either percolates back to the ocean or (for a smaller fraction
close to the upper boundary if the stress field allows it) reaches the surface. In the case d∗ = 7.3 km, neverthe-
less, the bottom heat flux keeps decreasing with increasing tidal heating rate (Figure 4d), while the surface
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Figure 4. Variations of the (a, c) surface and (b, d) bottom heat flux of the ice layer as a function of the average tidal
heating rate. Black symbols correspond to results obtained without the effects of melting, while red symbols are the
results including the effects of melting following the approach proposed by Choblet et al. (2017). We assume the case of
Europa for a pure water case with a viscosity contrast of 105 and an ice layer thickness of (a, b) 15.8 km (squares),
34.1 km (triangles) or (c, d) 7.3 km (circles). When the tidal heating rate is high enough, the surface heat flux reaches a
plateau. The value of the plateau is reported in panel (e) as a function of the ice layer thickness (d∗). The dashed line
represents a linear fit of the data.

heat flux remains constant (Figure 4c). In this specific case, the volume covered by cold downwellings is
larger but decreases with increasing tidal heating rate. The ability of cold downwellings to transport heat
and cool down the base of the system is therefore substantially reduced, as illustrated with the increasing
interior temperature (Table 3), which in turn induces a decrease of the bottom heat flux. By contrast, thicker
ice shells are characterized by more vigorous and chaotic convection, so that cold downwellings are sinking
with a much higher speed and are only slightly heated by tidal heating. Nevertheless, when tidal heating is
strong enough, and owing to the observed saturation of the surface heat flux, a given value of the surface
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Figure 5. Proportion of material above the melting temperature as a function of depth for 𝜂 = 105. A proportion of
100% and 0% means the material is fully above the melting temperature or fully solid, respectively. Calculations are
done using the properties of Europa given in Table 2, and the thickness of the ice layer is constrained from the assumed
value of Ra1∕2. Here, the subsurface ocean is composed of pure water, and the melting temperature is given by
equation (7). Purple lines correspond to cases without the effects of melting, while red lines include the effects of
melting following the approach of Choblet et al. (2017).

heat flux may be associated to a given value of the ice shell thickness (Figure 4e). This means that, in this
specific regime, the estimate of the surface heat flux provides a robust estimate of the ice shell thickness.
Another interesting consequence is that a fairly large bottom heat flux can be maintained even for large tidal
heating rates, thanks to melting and melt extraction.

We also found that melting rates obtained with this approach (Table 3) are quite high. For instance, tidal
heating may be able to melt the equivalent of the volume of the ice shell in about 25 million years for a
thickness of 34.1 km (assuming H∗

avg = 2.94 10−6 W/m3) and in only 5 million years for a thickness of
15.8 km (assuming H∗

avg = 6.47 10−6 W/m3), while increasing H∗
avg by 10% tends to roughly double the

proportion of the ice layer that melts every million of years. Note that these tidal heating rates correspond
to the upper bound of what is expected for the current state of Europa. It remains unclear whether such
heating rates are reached in practice (section 4). Furthermore, the melting profiles (Figure 5) indicate that
the shape of the melting region is equivalent to what was obtained for the corresponding case without melt
extraction, so that isolated melt pockets are still generated only for a thickness of 15.8 and 34.1 km. Therefore
all the conclusions drawn using the previous approach are confirmed when introducing the latent heat effect
of melting in the heat budget, that is, (i) melting is expected to occur for a large range of parameters, (ii)
proportion of melting increases very sharply with the tidal heating rate, and (iii) isolated melt pockets are
only generated for certain values of the ice layer thickness. As a consequence, the comparison between the
two sets of numerical simulations shows that the first set of numerical simulations can be applied to any
icy satellites to investigate the conditions required to generate melting and the location where the first melt
appears. It is, however, necessary to consider a more complex modeling to assess the proportion of melting
and the fate of this melt.

3.3. Influence of Contaminants in the Hydrosphere: Example of MgSO4
In previous sections, we considered the case of a hydrosphere composed of pure water. However, as indicated
by Galileo observations of induced magnetic fields for Europa (Khurana et al., 1998), Ganymede (Kivelson
et al., 2002), and Callisto (Khurana et al., 1998), subsurface oceans may be composed of a mixture of water
and impurities. The nature of these impurities may be different for each body and includes, for instance,
magnesium sulfate (MgSO4), ammonia (NH3), or sodium chloride (NaCl). Vance et al. (2018) combined the
available constraints to build potential interior structure models for different icy satellites. In particular, a
subsurface ocean including 10 wt% of MgSO4 or 3.5 wt% of NaCl was considered for Europa.

These impurities have special properties that play a key role in the history of icy bodies and the generation of
melts within their ice shell. More specifically, antifreeze compounds remain mostly in the liquid water ocean
thus decreasing its freezing temperature as the ice layer thickens. Therefore, in presence of impurities, the

VILELLA ET AL. 14 of 21



Journal of Geophysical Research: Planets 10.1029/2019JE006248

temperature at the bottom of the ice layer is set by the melting temperature of the water plus antifreeze mix-
ture, while the melting temperature within the ice layer is still imposed by the melting temperature of pure
water (equation (7)). As a consequence, subsurface oceans may be colder, and generating melting within the
ice layer would become more difficult as the proportion of antifreeze compounds increases. Furthermore,
for a fixed amount of antifreeze compounds in the hydrosphere, their concentration in the subsurface ocean
increases as the thickness of the ice layer increases. This mechanism has been used to explain the long-term
preservation of subsurface oceans (e.g., Deschamps & Sotin, 2001; Kamata, 2018; Spohn & Schubert, 2003).
It also indicates that melting should be easier for thin ice layers or equivalently thick subsurface oceans.

Given the potential variability of hydrosphere compositions, it is necessary to follow a simple approach
allowing to quantify the possible effects of impurities in general. Following the model used by Vance et al.
(2018), we choose to consider a mixture of water with 10 wt% of MgSO4 as a representative solution. The
melting temperature of this mixture can be calculated using the framework proposed by Vance et al. (2014).
Here, for the sake of simplicity, we use a fit of these results:

T∗
melt = 271.7 − 0.07831p∗ − 0.000134p∗2, (11)

which is valid for pressure up to 200 MPa. For this mixture, we report in Table 1 the amplitude and mini-
mum depth of melting for all our simulations. Our results indicate a moderate impact of impurities on the
occurrence of melting. More specifically, the main effect of MgSO4 is to induce a colder bottom temperature,
so that larger amounts of tidal heating are required to reach the melting point. It should, however, be noted
that the generation of melting is suppressed when considering a very large amount of MgSO4 (>30 wt%).
Furthermore, the distribution of melting is becoming more localized (i.e., melting areas are not connected
to the subsurface ocean) when the amount of impurities in the ocean increases. Due to impurities, the tem-
perature at the bottom of the ice layer is lower than the melting temperature at that depth, and melting is
thus impossible close to the interface.

These results show that the occurrence of melting depends on the proportion of antifreeze compounds,
which is probably different for each icy satellite. Increasing the amount of impurities makes the generation of
melting more difficult and, when melting is possible, requires a larger tidal heating rate. When considering
a likely composition for the present subsurface ocean of Europa, the presence of contaminants does not
influence significantly the occurrence of melting. This conclusion might, however, depend on the nature of
the contaminant considered and the structure of the hydrosphere. For example, including 5 wt% of NH3 has
similar effects to the addition of 30 wt% of MgSO4, that is, to suppress almost entirely the melt generation.
Although these concentrations appear to be higher than available estimates, it may be possible to reach
this concentration of NH3 in some icy bodies when their ice layer becomes sufficiently thick. From a more
general perspective, it is important to remember the double effect of increasing the ice layer thickness: (i)
Dynamical properties of the ice layer imply that the generation of melt close to the surface becomes more
difficult as the ice layer thickens (Figure 3) and (ii) the relative amount of antifreeze increases with the
thickening of the layer, which further prevents the generation of melt. As a consequence, if impurities are
present in the subsurface ocean, the occurrence of melting is favored for thin layers and large tidal heating
rates.

4. Discussion: The Thermal State of Europa's Ice Shell
Based on our simulations describing melting in ice shells of icy bodies, it is tempting to provide a reap-
praisal of Europa's thermal state. This, however, implies several major assumptions: (1) The temperature
dependence of the thermal conductivity can be neglected, (2) the effect of melt on dynamics does not impact
significantly the heat budget, and (3) a global steady-state for heat transfer is reached. We now discuss each
of these assumptions and their relevance in the case of Europa.

Thermal conductivity of ice Ih is characterized by a relatively important temperature dependence. Although
some slight discrepancies exist between experimental works (Andersson & Suga, 1994; Hobbs, 1974), they
all suggest a thermal conductivity that varies as the inverse of the temperature. Accounting explicitly for the
effects of temperature-dependent thermal conductivity would require appropriate numerical simulations,
which is beyond the scope of this paper. Some qualitative remarks can, however, be made. First, because
thermal conductivity decreases with temperature, the conductivity would be smaller at the bottom of the ice
shell than at its top (∼2.2–2.5 and ∼5.6–6.8 W·m−1·K−1, respectively, for Europa), thus limiting the bottom
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heat flux and increasing the ratio between the internal and bottom heat sources. Second, Tobie et al. (2003)
have pointed out that the thickness of the stagnant lid would be larger (by about 50% for Europa) in the
case of temperature-dependent thermal conductivity, further reducing the heat transfer toward the surface.
Overall, these two effects would favor the occurrence of melting within the shell, while the minimal depths
for melting reported above for a constant thermal conductivity (i.e., ∼5 km or less) could be in practice 1.5
times larger.

Melting affects in various ways the evolution of icy shells. While we have estimated its impact on the heat
budget, we neglected the influence of melting on density and viscosity. This may be an issue because the
presence of melt would reduce the buoyancy of hot plumes and lower the amount of tidal heat generated.
In particular, when these effects are included, Tobie et al. (2003) have shown that it may lead to an episodic
behavior of plumes, thus oscillatory melt generation. Interestingly, some of our numerical simulations are
somewhat similar to cases conducted by Tobie et al. (2003). For these cases, heat fluxes and average amount
of melt are equivalent in the two sets of models. The main difference between these models is the evolution
of the average melting rate. While the average melting proportion is exhibiting oscillation in Tobie et al.
(2003), it is almost constant in our models. Overall, in the parameter range appropriate for Europa's ice shell,
the global heat budget should be mostly unaffected by changes in buoyancy and viscosity induced by the
presence of melt.

By essence, our simulations assume that a thermal equilibrium is reached not only in the ice shell but also,
more generally, in the hydrosphere. This implicitly applies to phases in Europa's evolution for which the
thickness of the ice shell evolves on timescales sufficiently large to neglect their effect on the convective
dynamics. In the case where the effect of melting is either unaccounted for or negligible in the heat budget,
this implies that the heat extracted by thermal convection from the bottom interface (𝜙∗

bot) is equal to the
heat flux originating from the deep interior that crosses the ice-ocean interface (𝜙∗

o). By contrast, when the
effect of melt is significant, 𝜙∗

o includes both the convective heat flux (𝜙∗
bot) and the (negative) heat flux

related to the extraction of melt from the ice shell into the ocean (−P∗
melt∕Ai∕o), where P∗

melt is the global heat
loss caused by melting (see equation (9)) and Ai∕o the surface area of the ice/ocean interface. The implicit
assumption of a heat equilibrium in the hydrosphere requires (e.g., Hussmann & Spohn, 2004)

𝜙∗
bot − 𝜙∗

o = P∗
melt∕Ai∕o = 𝜌∗L∗ .

d
∗

(12)

with L∗ the latent heat of fusion and
.
d
∗

= a∗
meltd

∗ the time derivative of the ice shell thickness (see
equation (10) introducing a∗

meltd
∗). This condition implies, in turn, that the mass loss caused by the ice melt-

ing is compensated by a global crystallization of the ocean (
.
d
∗
> 0) induced by a value of 𝜙∗

o smaller than
𝜙∗

bot. Again, in practice, this assumption could be violated in periods of fast melting of the ice shell or fast
crystallization of the ocean. Using a much simpler description for ice convection than the models presented
here, but taking into account the whole satellite structure and its orbital evolution in resonance with Io and
Ganymede, Hussmann and Spohn (2004) showed that both phases of quasi-steady evolution and phases with
runaway melting/freezing of the ice shell should be envisioned during Europa's long-term thermo-orbital
history. If tidal power is mostly dissipated in Europa's silicate mantle, then the ice shell evolution is mostly
quasi-steady and our assumption is valid. If tidal dissipation in the ice shell is predominant, oscillatory
phases for eccentricity and tidal heating might occur during a nonnegligible fraction of Europa's history.

Under these assumptions, we report in Figure 6a the values of 𝜙∗
o calculated using equation (12) for all our

simulations (Table 3). Note that, while the ranges of values displayed in Figure 6 for d∗ and H∗
avg correspond

to those observed in our simulations, the continuous surfaces are an interpolation constructed from only a
small number of points (Table 3), potentially introducing large uncertainties. Figure 6 may then be used to
guide the analysis but not to make accurate predictions for Europa. In that sense, we have identified various
regimes whose estimated boundary are indicated by the thick black curves: “NM” refers to the no-melting
regime obtained for cases where the tidal heating rate (measured by H∗

avg) is not sufficient to induce melt-
ing within the ice shell (or at rates that hardly affect heat transfer); “SM” indicates the saturated melting
regime corresponding to cases displayed in Figure 4, where red symbols present an asymptotic behavior in
which increasing the rate of tidal heating results only in a marginal increase (respectively decrease) of the
surface (respectively bottom) heat flux; “SM+OH” refers to the ocean heating case, tidal heating is large
enough to induce a net heating of the ocean (𝜙∗

o is negative), while solid-state convection within the ice still
extracts heat from the ocean (𝜙∗

bot remains positive). Such cases correspond to phases during which the shell
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Figure 6. (a) Heat flux from the deep interior of Europa that crosses the ice-ocean interface (𝜙∗
o) and (b) melting rate of

the ice shell (a∗melt) as a function of the ice shell thickness (d∗) and average tidal heating rate (H∗
avg) for a viscosity

contrast Δ𝜂 = 105. We also indicate the different regimes observed: “NM” is no melting, “SM” is saturated melting,
“WM” is intermediate weak melting, and “OH” is ocean heating (see text for more details). Note that the figures are
built from an interpolation based on a small number of points reported in (a) with the red circles (see Table 3 for the
full set). The two dashed red lines in (b) correspond to the curves with isovalue 𝜙∗

o = 3 mW/m2 and 𝜙∗
o = 30 mW/m2,

while the white quadrangle highlights the plausible parameter values for Europa (see text). The solid orange lines
indicate the (d∗,H∗

avg) conditions corresponding to a power provided by tidal heating (P∗
tide) of 1, 2, or 3 TW.

thickness globally decreases; “WM” denotes an intermediate “weak” melting regime where internal melting
within the ice shell affects convective heat transfer but does not result yet in the asymptotic “SM” regime.

A complementary outcome of our simulations is presented in Figure 6b, showing the rate of melting a∗
melt

induced by tidal heating within the ice shell expressed as the equivalent thickness of ice consumed by this
process (Table 3). Values globally reflect that larger amounts of melt are produced for both larger shell thick-
nesses d∗ and tidal heating rates H∗

avg. The SM+OH regime is obtained for typical melting rates larger than
5 km/Myr for the thinner shells but would occur as soon as a∗

melt exceeds 1 km/Myr for shells thicker than
25 km. We note that, within our steady-state assumption, global crystallization rates might easily exceed the
transient variations of ice shell thickness predicted by the thermo-orbital models of Hussmann and Spohn
(2004). This suggests that the present analysis may be valid even during fast oscillatory evolution of Europa.
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To obtain more conclusive results, it is helpful to restrict the plausible parameter space by using available
constraints. A first restriction involves admissible values of the net heat flux from the ocean 𝜙∗

o . The radio-
genic heat content of Europa's rocky mantle should provide a few hundreds of gigawatts, probably between
100 and 500 GW (Tobie et al., 2003; Hussmann et al., 2010). Depending on the thermal state of this mantle,
additional heating might occur through tidal dissipation: Albeit uncertain, this contribution may be in the
same order than the radiogenic heat source (Běhounková et al., 2019). Moreover, dissipation of heat within
the liquid ocean might occur either by ohmic dissipation (e.g., Gissinger & Petitdemange, 2019) or tidal
dissipation (e.g., Tyler, 2014). It is, however, unlikely that they constitute a dominant contribution through-
out most of Europa's history. Overall, if secular cooling/heating of the deep interior (ocean, rocky mantle,
and core) is neglected, a conservative range for 𝜙∗

o could be 3–30 mW/m2 (dashed red curves in Figure 6b).
Another limiting factor is the average tidal heating rate. Tobie et al. (2003) predict maximum rates H∗

max
varying between 2 × 10−6 and 8 × 10−6 W/m3 depending on the location. For Europa, such volumetric rates
are not expected to vary significantly with the ice shell thickness. A peak heating of H∗

max = 8× 10−6 W/m3

would translate for H∗
avg into a value smaller than 6 × 10−6 W/m3 for d∗ = 15.8 km (Table 1). Together

with the constraint supplied by a probable range for 𝜙∗
o (dashed red lines on Figure 6b), we thus consider

that reasonable thicknesses for the ice shell exceed 15 km. Under the two restrictions discussed above, the
quadrangle bounded by white lines in Figure 6b represents the plausible fraction of the parameter space. It
involves the three regimes (NM, WM, and SM) and melting rates that are lower than 2 km/Myr. We note,
however, that the total amount of tidal heat (P∗

tide) dissipated in the ice shell for such probable cases is large:
The lower limit (𝜙∗

o = 30 mW/m2) roughly corresponds to P∗
tide = 2 TW. The upper limit (𝜙∗

o = 3 mW/m2)
corresponds approximately to P∗

tide = 3 TW. Such values are in excess to what is predicted by thermo-orbital
evolution models (typically 1 TW) when dissipation is allowed within Europa's ice shell only (Hussmann
& Spohn, 2004). If a significant fraction of tidal dissipation also occurs within Europa's rocky mantle, such
values could be even harder to achieve. One way to solve this potential discrepancy is by considering a
much thicker ice shell (∼50–90 km). In that case, a significant extrapolation of our results suggests that a
typical tidal power of 1 TW could be obtained for a reasonable range of 𝜙∗

o . For instance, 𝜙∗
o = 15 mW/m2

corresponds to a thickness of ∼ 70–80 km.

5. Conclusion
We have conducted a series of 70 numerical simulations designed to study thermal convection within
the outer shell of icy satellites. Our models include a strongly temperature-dependent viscosity (with Δ𝜂
between 104 and 106), and tidal heating following the approach of Tobie et al. (2003), in which the local tidal
heating rate is a function of the viscosity, hence of temperature. With this approach, numerical simulations
are not bound to a specific body and can thus be applied to various cases. We then applied our results to the
production of melting in Europa and found that isolated melt pockets can be generated fairly close to the
surface (∼5–7 km) provided that the ice layer thickness remains modest (15 ≤ d∗ ≤ 35 km). Another impor-
tant finding is that the volume fraction of the temperature field above the melting point increases sharply
with increasing tidal heating rates (Havg). Because these simulations did not include the effects of melting on
the heat budget, we ran 15 additional simulations incorporating this complexity. The comparison between
the two sets of simulations shows that models neglecting the effect of melting are still appropriate to inves-
tigate the conditions under which melting is generated and the location where the first melt appears. Our
numerical simulations can therefore be applied to various icy bodies to assess the presence of melting in
their outer ice shells. The second set of numerical simulations is useful to investigate cases with fractions
of the temperature field above the melting point. In that case, we found that the surface heat flux remains
constant above a certain value of the tidal heating rate, corresponding to the threshold value for the gen-
eration of a nonnegligible amount of melt (saturated melting regime). This indicates that if tidal heating is
large enough to generate melting, the surface heat flux is a good proxy for the thickness of the ice shell.

Building on these results, we proposed a tentative melting regime diagram for Europa's ice shell. For a given
shell thickness, increasing the amount of internal tidal heating leads from a state with no melting (NM) to
the saturated melting (SM) regime. For the largest values envisioned, convection extracts heat from the ocean
to the ice shell (the bottom heat flux related to convection is positive), but a net ocean heating is expected
if melt generated in the ice shell percolates downward, back to the ocean. Reasonable estimates of the heat
produced in Europa's deep interior at present, together with plausible values of tidal heating within the ice
shell, favor shell thicknesses larger than 15–20 km. We note that the global amount of tidal heat dissipated
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within the ice shell (typically 2–3 TW) is larger than the one proposed by thermo-orbital evolution models
during quasi-steady stages. Such a discrepancy could result from a simplified treatment of heat transfer in
thermo-orbital models. Alternatively, one possible solution reconciling our simulations (albeit requiring a
significant extrapolation of the trends suggested by our results) with such models is to consider ice shells
as thick as ∼80 km. Interestingly, for such conditions, Europa's ice shell may be in the saturated melting
regime, in which case one may expect the surface heat flux to be fairly homogeneous.
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Běhounková, M., Tobie, G., Choblet, G., Kervazo, M., & Dumoulin, C. (2019). Sustainability of the melting in the silicate mantle of Europa.

abstract EPSC.
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