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Abstract Europa is characterized by a thin ice I, shell overlying a subsurface ocean and a large solid core.
Estimates of the outer ice shell's thickness range from a few kilometers to several tens of kilometers, with strong
implications for Europa's thermal and geological history. Here, we model the thermal evolution of Europa's ice
shell using a parameterized convection approach that explicitly accounts for internal heat release. We explore
changes in the thickness of this ice shell as a function of ice reference viscosity, tidal heating, and ocean
composition. We further consider the effect of cyclical variations in tidal heating in response to changes in the
eccentricity of Europa's orbit. Our calculations show that the ice shell thickness is mostly influenced by both the
ice viscosity and tidal heating. While significant in the absence of tidal heating, the ocean composition has no or
little influence when such heating is accounted for. For dissipated tidal power and viscosity around 1 TW and
10'* Pa-s, respectively, which are within the expected range of values for these parameters, our calculations
predict an ice shell thickness in the range of 20—45 km including, at the top part of this shell, a stagnant lid
~10 km in thickness. These values are in agreement with recent estimates of impact basin morphology. Our
calculations further indicate that a 10% change in orbital eccentricity may trigger variations in the ice shell
thickness of approximately 15 km, which further helps to reconcile estimates based on geological features and
modeled thermal history.

Plain Language Summary Europa has a thin ice layer covering a deep ocean and rocky core. A key
question is how thick this ice layer is, with current estimates ranging from a few kilometers to over 50 km. This
thickness is important for understanding Europa's history and how it cools down. We investigate factors that
affect Europa's ice shell thickness and its evolution, including subsurface ocean composition, rheology (ice
viscosity), and internal tidal heating on the ice shell. We also considered how changes in the tidal forces exerted
by Jupiter, driven by orbital eccentricity, impact the ice shell over time. Our findings show that tidal heating and
ice viscosity strongly affect the thickness of the ice shell, whereas the ocean's composition has a smaller effect.
We further observed that temporal changes in the amount of tidal heat dissipated within Europa can lead to
significant changes in the amplitude of the ice shell's thickness variation over time. Overall, our study helps
refine estimates of how thick Europa's ice shell might be and shows that tidal heating plays a crucial role in
shaping this ice layer. Importantly, this research bridges discrepancies between the surface geology features and
those deduced from the modeling of Europa's thermal history.

1. Introduction

The structure of Europa's interior is believed to consist of a thin outer ice /;, shell covering a thick liquid sub-
surface ocean (Khurana, 1998; Kivelson et al., 2000), which is itself in direct contact with a large silicate core
about 1,400 km in radius. Gravity measurements performed by the Galileo spacecraft suggest that the thickness of
the entire hydrosphere, defined as the outer ice shell and the subsurface ocean, ranges from 135 to 185 km
(Anderson et al., 1998; Gomez Casajus et al., 2021; Schubert & Spohn, 2004). The thickness of the outer ice shell
is still a matter of debate, but is likely to range from a few kilometers to several tens of kilometers depending on
the method used (Billings & Kattenhorn, 2005). Its evolution is affected by the thermal evolution of Europa,
which, in turn, is predominantly controlled by several parameters, including the exact composition of the sub-
surface ocean, the efficiency of heat transfer within the outer ice shell and the available sources of heat (Hussmann
& Spohn, 2004).

Three main sources of heat contribute to the energy budget: the secular cooling resulting from heat stored during
accretion and differentiation; radiogenic heating in the silicate core; and tidal dissipation. Secular cooling and

CHEN (LIVIA) ET AL.

1 of 24


https://orcid.org/0009-0006-4882-7885
https://orcid.org/0000-0001-5110-2320
https://orcid.org/0000-0002-2333-026X
mailto:ching602504@gmail.com
mailto:jcchen2@caltech.edu
mailto:frederic@earth.sinica.edu.tw
https://doi.org/10.1029/2024JE008928
https://doi.org/10.1029/2024JE008928
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JE008928&domain=pdf&date_stamp=2026-02-09

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008928

Writing — original draft: Ji-Ching Chen
(Livia), Frédéric Deschamps
Writing — review & editing: Ji-

Ching Chen (Livia), Frédéric Deschamps,

Wen-Pin Hsieh

radiogenic heating gradually decay over time and constitute a basal source of heat for the outer ice shell. Tidal
dissipation is linked to the tidal forces exerted by Jupiter on Europa and primarily affects the outer ice shell
(Béhounkova et al., 2021; Howell, 2021; Hussmann & Spohn, 2004; Walker & Rhoden, 2022). The amount of
tidal heating within the ice shell strongly affects the heat transfer through this region by limiting the heat that can
be extracted from the subsurface ocean, which, in turn, impacts the ice shell evolution (Deschamps &
Vilella, 2021; Hussmann & Spohn, 2004; Nimmo et al., 2007; Walker & Rhoden, 2022).

To date, available data do not allow constraining the ice shell thickness with precision (Billings & Katten-
horn, 2005). Different methods used to infer this thickness are sensitive to different parts or properties of the ice
shell and to different temporal and spatial scales, resulting in a lack of consensus. Ice shell flexure analysis is
sensitive to the elastic part of the shell at the moment observations are made, and usually suggests a very thin
layer, from hundreds of meters up to ~6 km thick (Hurford et al., 2005; Nimmo et al., 2003, 2007; Williams &
Greeley, 1998). Structural methods, for instance based on ice rafts, mostly probe the brittle part of the ice shell
under geologic stresses, thus reflecting the past active process rather than the present state. Again, these ap-
proaches suggest that Europa's ice shell is very thin, less than 6 km (Carr et al., 1998; Hoppa et al., 1999). Es-
timates deduced from impact cratering (Moore et al., 1998; Schenk, 2002; Silber & Johnson, 2017; Wakita
et al., 2024) are based on the observed morphology (number of rings and the distances separating them) of impact
basins, which depends on the thickness and rheology of the ice shell (Mc Kinnon & Melosh, 1980). These
methods infer the ice shell thickness at a very specific moment (specifically, at the time of impact), and therefore
do not necessarily reflect the current thickness. Using crater depth-to-diameter relationships, Schenk (2002)
found that the ice shell is at least 19 km thick, including an 8 km brittle ice layer at its top. Based on the com-
parison between the observed morphology of large impact basins and that predicted by simulations of the
deformation of an ice layer in response to such impacts, Silber and Johnson (2017) estimated that, if purely
conductive, the ice shell should be around 8 km thick. If it overlies a layer of warm, viscous ice shell of un-
specified thickness, this conductive lid reduces to 57 km. More recently, Wakita et al. (2024), also comparing
observed impact basin morphology with results from numerical simulations, proposed that the ice shell may be at
least 20 km thick, and that it consists of a 6—8 km brittle layer overlying a thicker viscous shell. The Europa
Clipper mission, which will start exploring Europa in 2031, is expected to bring key observational constraints on
Europa's ice shell thickness using different instruments and methods (Roberts et al., 2023). Magnetic data should
give access to the subsurface ocean electrical conductivity and thickness (Kivelson et al., 2023). Note that the
modeling of Galileo magnetic data (Schilling et al., 2007) estimated the ocean electrical conductivity and
thickness to be 0.5 S/m and 100 km (i.e., a 60 km ice shell), respectively, but that the solutions of this modeling are
non-unique. Gravity measurements will measure Europa's tidal Love numbers, whose value depends on the
presence and thickness of a subsurface ocean (Mazarico et al., 2023). The k,, for instance, is expected to range
from less than 0.015 if no ocean is present to about 0.22 for a 10 km thick ice shell (150 km ocean). Finally, radar
sounding will be able to detect an ice/ocean boundary up to 30 km beneath the surface of Europa (Blankenship
et al., 2024).

Besides estimates based on the analysis of surface observation, models of Europa's thermal evolution have been
used to estimate Europa's outer ice shell thickness (B&hounkova et al., 2010; Deschamps & Sotin, 2001;
Deschamps & Vilella, 2021; Green et al., 2021; Han & Showman, 2010; Howell, 2021; Hussmann, 2002;
Hussmann & Spohn, 2004; Nimmo et al., 2003). These methods involve a much longer timescale than the
methods based on the interpretation of surface geological features. However, they do not make clear predictions
for the geological structure that may be present today, such that it is difficult to compare the thickness they predict
against available data and observations. In addition, thermal equilibrium models usually provide an average
thickness and do not constrain possible lateral variations in this thickness. Calculations point to a rather thick ice
shell, from about 15 km to several tens of kilometers. Importantly, the predicted thickness strongly depends on the
assumed ice properties (in particular its viscosity), and on the heat released within the ice shell. It is also worth
noting that the generation of pockets of melted ice, which is needed to explain cryo-volcanism, requires an ice
shell thickness in the range of 15—35 km (Vilella et al., 2020).

Here, we model the thermal evolution of Europa's outer ice shell using scaling laws for heat flux and temperature
that explicitly account for the release of heat within this shell. We explore the influence of key parameters,
including the ice reference viscosity, the amount of heat dissipated within the ice shell, and the composition of the
subsurface ocean. A novelty, compared to previous models, is that we investigate the roles played by the time-
dependent tidal dissipation, and by distributing tidal heating within the core and the ice shell. For reasonable
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Table 1

Properties of Europa and Its Interior Materials

Parameter Unit Value or expression Symbol

Global parameters of Europa
Total radius km 1,561 R
Core radius km 1,400 Te
Gravity acceleration m-s—2 1.31 g
Surface temperature K 100 Il
Reference thermal conductivity W-m~'K™! 2.6 kyer
Orbital frequency s 2.05 x 107 ®

Ice I,
Density kg-m™ 920 Pr
Thermal conductivity W.-m™'K™! 566.8/T ki
Thermal expansivity K™ 1.56 x 10~ ar
Heat capacity JTkg 'K 7.037 T + 185 Cy
Latent heat of fusion kJ-kg_1 284 L;
Rigidity G-Pa 4 My
Reference viscosity Pa-s 10" — 10" Nref
Activation energy kJ-mol ™! 60 E

Liquid water + impurities
Density of water kg-m™ 1,000 P
Density of ammonia kg-m™> 734 PNH;
Thermal expansivity of water K! 3 x107* Ay
Heat capacity of water Jkg 'K 4,180 @

Silicate core
Density kgm™ 3,300 Pe
Thermal diffusivity m%s™! 1076 Ke
Thermal conductivity W-m™ 'K 4.0 ke
Heat capacity JTkg 'K™! 1,200 Ce

values of the tidal heating and ice reference viscosity, our calculations predict a range of ice shell thickness that is
in good agreement with the estimates deduced from the morphology of impact basins.

2. Method

To model Europa's thermal evolution, we used a parameterized convection approach based on scaling laws
describing the thermal properties (heat flux, average temperature, and stagnant lid thickness) of the outer ice shell
(Section 2.1) and solving the energy balance at the interface between the ice shell and the subsurface ocean
(Section 2.4). The method we used is mostly similar to that in Deschamps and Vilella (2021). A major difference,
however, is that we take into account time-variations in the amount of tidal heating due to Europa's orbital
evolution (Section 2.5). Another difference is the treatment of the core's thermal evolution (in response to
radiogenic heating), which now consists of solving the heat equation instead of using Kirk and Stevenson (1987)‘s
approximation (Section 2.3). This further allows adding tidal heating within the core and investigating its effect
on Europa's evolution. The main aspects of our method are summarized in Sections 2.1-2.6. The values of
physical and material properties used for calculations are listed in Table 1.
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Figure 1. Schematic radial structure of the ice shell. The ice shell is divided into a conductive (or stagnant) lid of thickness d,; 4 (gray shaded area) overlaying an ice layer
(white) animated by convection. Heat H,,, is generated internally by tidal dissipation. Q,, is the heat flux at the top of the core. To investigate the evolution of the ice
shell properties (average temperature, total and stagnant lid thickness, bottom heat flux), our model solves the heat balance equation at the boundary between the ice
shell and the subsurface ocean using scaling laws derived from simulations of convection. The surface temperature, T, is an input parameter here fixed to 100 K, while

T,
the interior and bottom temperatures, 7,,, and T, ., are given by Equation 3 and the liquidus of the water + ammonia, respectively. The red curve schematically illustrates

the radial temperature profile within the ice shell and is not based on specific numerical values.

2.1. Outer Ice Shell

The outer ice shell is composed of ice /;, and transfers heat either by conduction or by convection, depending on its
properties. Because the viscosity of ice /;, strongly depends on temperature (e.g., Durham et al. (2010)), con-
vection in the ice shell operates in the stagnant lid regime, in which a rigid, thermally conductive lid forms at the
top of the shell and convection is confined beneath this lid (Figure 1). As a result, heat transfer is less efficient and
the cooling is delayed. The surface of the ice shell is held at a constant temperature, 7, while its base is a dynamic
boundary representing the interface between the solid ice shell and the liquid subsurface ocean, where the
temperature Ty, is defined as the melting point of water with (if present) impurities. For simplicity, we do not
account for the presence of a mushy layer at the ice-water interface (Buffo et al., 2021), which, together with the
presence of a basal layer of volatiles (as assumed in the case of Pluto, Kamata et al. (2019)), may act as a thermal
insulator between the ice shell and the subsurface ocean (see discussion). Throughout the model's evolution, the
thickness of the ice shell varies in response to Europa's cooling. We fixed the initial layer thickness to 10 km
(Section 2.6) and determined its evolution by solving the energy conservation equation at the boundary between
the shell and the subsurface ocean (Section 2.4).
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We describe the viscosity of ice /;, with

E Tref
T) = -1 1
N(T) = Nyt eXp[ RgT,ef< T )] )

where E is the activation energy of ice, R, is the ideal gas constant and 7, is the ice reference viscosity, defined as
the viscosity close to the ice melting point, at temperature T, In all our calculations, 7, is fixed to 270 K.
Different creep mechanisms may affect the deformation of ice depending on temperature, pressure and strain rate.
Creep data extrapolated from polar ice sheets and mountain glaciers (Montagnat & Duval, 2000) suggest that ice
exhibits a Newtonian fluid behavior at low strain rates (equation image <10™'" s™"). In order to maintain a simple
thermodynamical framework, we neglect the complexities of rheology such as the ice porosity, non-Newtonian
creep and grain size effects. The value of 7, is poorly known, leading to a large uncertainty on the ice shell
viscosity, and subsequently on its evolution (see result section). Close to the ice melting point, the ice viscosity is
usually assumed to be in the range of 10'°-10'° Pa-s. Activation energy, which controls the temperature-
dependence of the viscosity, is better constrained, with values ranging from 56 to 63 kJ/mol depending on the
type of diffusion mechanism (Goldsby & Kohlstedt, 2001; Howell, 2021), and approximately 60 kJ/mol for
atomic diffusion (Weertman, 1983). The activation energy of ice implies that its viscosity is strongly temperature-
dependent, suggesting that convection in Europa's ice shell operates in the stagnant-lid regime (e.g., Davaille &
Jaupart, 1993; Moresi & Solomatov, 1995; Ogawa et al., 1991). Here, we use £ = 60 Kmol™! in all our cal-
culations. Higher (lower) values of E would result in stronger (weaker) temperature-dependences, and thus
stronger (weaker) stagnant lids.

We determine the thermal properties of the outer ice shell using the scaling laws for surface heat flux, Oy, internal
temperature, T,,, and stagnant lid thickness, d};4, defined by Deschamps and Vilella (2021). These scalings were
obtained from simulations of convection in an incompressible, mixed (i.e., both basally and internally) heated
fluid. As both the interior temperature and the thickness of ice change with time, the layer's heat balance changes
at every time-step, providing a description of the thermal and radial structure of the outer ice shell. At each
timestep, we determine the properties of the shell as follows:

Interior temperature. The interior temperature parameterization is described by a relationship combining for
interior temperature parameterizations obtained for purely basally heated stagnant lid convection (Deschamps &
Lin, 2014; Yao et al., 2014), and for purely internally heated isoviscous convection (Deschamps et al., 2010; Sotin
& Labrosse, 1999). In its non-dimensional form, the temperature scaling writes

cy 1

a
=1- Ra63’
Qeff

" fer

2

2

where the non-dimensional temperature and heating rate per unit mass, T and H , are related to their dimensional
values, Tand H,by T = (T — Top)/ AT and H= pHD?/ Iy AT, respectively, with AT = (Tyo—Top) being the
super-adiabatic temperature jump, 7y, the bottom temperature (defined here as the liquidus of a mix of water and
impurities), Ty, the surface temperature, p; and k; the density and thermal conductivity of ice I, and D the
thickness of the ice shell. The first two terms in Equation 2 represent the interior temperature for basally heated
stagnant lid convection, where viscosity changes with temperature are accounted for by the parameter y, defined
as the inverse of the non-dimensional viscous temperature scale, AT,/AT. The third term describes the effect of
internal heating. Note that this term depends on the effective Rayleigh number, Ra.; (Which we define below,
Equation 4). Both the basally and internally heated terms are influenced by the ice shell's curvature, here
controlled with the ratio between the inner and outer shell radii, f. Finally, the parameters a; = 1.23, a, = 1.5,
¢y =3.5, ¢, =-2.3,c;3=0.25 and ¢, = 1 were obtained by inversion of values of T, predicted by numerical
simulations of stagnant lid convection (Deschamps & Vilella, 2021). Rescaling Equation 2 further requires the
definition of a viscous temperature scale, which, if viscosity is described with Equation 1, is given by
AT, = Rng2/E. The (dimensional) interior temperature can then be described with
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Tm - Tbot sz E + (Cl + C2f) [ 3 k[AT Raeffc3 s (3)

where the Rayleigh number Ra. quantifies the vigor of convection within the ice shell and is calculated using the
viscosity at temperature 7', following

apgATD’

U(Tm) Kq (4)

Ragy =

In Equation 4, a; and x; are the thermal expansion and thermal diffusivity of ice /;,, and the viscosity at internal
temperature, 17 (T},), is calculated using Equation 1. Equation 3 does not have an analytical solution, and we solved
it using a Newton-Raphson zero-search method (Press et al., 1992).

Surface heat flux. The surface heat flux scales as a power law of the Rayleigh number and of the temperature jump
across the thermal boundary layers. For stagnant lid convection, this implies that it scales as the inverse of the non-
dimensional viscous temperature scale y = AT/AT,. Therefore, the nondimensional surface heat flux can be
expressed as a function of the Rayleigh number and the viscous temperature scale (Deschamps & Lin, 2014; Yao
et al., 2014),

b
Raly

yC

. ©)

pr =a

where the values of constants a, b, and ¢ were again obtained by inverting heat flux predicted by simulations of
convection (Yao et al., 2014), and are equal to 1.46, 0.27, and 1.21, respectively. While these values were ob-
tained for pure bottom heated cases, they do not depend on the amount of internal heating (Deschamps &
Vilella, 2021), and are also valid for mixed-heated convection. By contrast, the bottom heat flux depends on the
amount of internal heating dissipated in the ice shell, with larger internal heating reducing the bottom heat flux,
that is, the amount of heat that can be extracted from the subsurface ocean. Interestingly, Equation 5 also describes
cases where internal heating is not distributed homogeneously in the shell, for instance due to changes in viscosity
(Deschamps & Vilella, 2021). In spherical geometry, the characteristic heat flux is Qarac = ket AT/D, wWhere
k. is the reference thermal conductivity, which we here fix to 2.6 W/m/K (Grasset & Sotin, 1996). Accounting
for the shell's curvature, measured using f, and applying energy conservation, the basal and surface heat fluxes

write
Q.v = Qcharac Qop (6)
and
R @

Note that if the surface heat flux is lower than the conductive characteristic heat flux, Qarc, the system is not
animated by convection and transfers heat by conduction. This occurs, for instance, if the ice shell is too thin, if
the viscosity of this shell is too large, or if the concentration of impurities in the subsurface ocean is too high. In
the latter case, the bottom temperature of the shell is significantly lower than that of a pure water ocean.
Consequently, both the reference and interior viscosities increase, reducing the vigor of convection or even
completely halting it (Deschamps & Sotin, 2001).

Stagnant lid thickness. Since in the stagnant lid heat is transported by conduction, it is possible to derive analytical
expressions for the horizontally averaged temperature within this lid by solving the conduction heat equation.
Assuming that the internal heating rate and the density are constant and that the surface temperature and heat flux
are known, the dimensional temperature profile is given by
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_r Qg _ R\ PHR (R _z
T(r) = Tgus k{R(l r) + 6 [2(1 r) + (1 2| ®)

where T is the temperature at radius 7, R is the total radius, k; the thermal conductivity, p; the ice density and H the
internal heating rate per unit mass. Note that the thermal conductivity of ice depends on temperature, which may
affect the thermal structure of the stagnant lid and increase its thickness (Deschamps, 2020). Here, we did not take
this effect into account. Comparisons between numerical simulations show that Equation 8 well describes the
average temperature profile in the stagnant lid (Deschamps & Vilella, 2021). However, it is difficult to determine
the boundary between the stagnant lid and the top of the thermal boundary layer. Noting that the thickness of this
lid should approximately scale as the inverse of the heat flux leads to (Deschamps & Vilella, 2021)

iaY”

b
Racgr

dyq = D, ©

where the values of parameters b and c are identical to those of the surface heat flux (i.e., b = 0.27 and ¢ = 1.21),
ay;q 18 a constant equal to 0.633, and D the thickness of the ice shell. The value of a4 was, again, determined by
fitting stagnant lid thicknesses deduced from numerical simulations, the lid thickness being estimated by the
intersection between the tangent at the point of inflexion of the horizontally averaged profile of vertically
advected heat with the origin axis (see Deschamps & Vilella, 2021 for details). Following Equation 9, the
thickness of the stagnant lid reflects the strength of the temperature dependence of viscosity, with stronger
dependence (larger y) leading to a thicker lid. Since y = AT/AT, and AT, = Rngz/ E, the thickness of the lid
strongly depends on the interior temperature, which is itself partly controlled by the bottom temperature
(Equation 3), with lower temperatures (and thus, lower liquidus) leading to thicker lids. Finally, following
Equation 8 and given the lid thickness, the temperature at the bottom of the stagnant lid can be calculated
following

dy SHR
Tia = Tourt + 20| O, — /—(2 —fia —fi) |- (10)
Kfiia 6

where fiqg = (R — djjg)/R =1 — (1 — f)dy;4/D is the ratio between the radius of the base of the lid and the
surface radius.

2.2. Subsurface Ocean

The subsurface ocean is assumed to be adiabatic, such that the heat available at the bottom of the ice shell is equal
to the heat (essentially radiogenic) released from the core. In the case of thin oceans, tidal heat dissipation may
also be important (Tyler, 2014). This would increase the available heat at the bottom of the ice shell, thereby
delaying the crystallization of the remaining ocean. However, because under such conditions the ice shell would
be very thick, heat transfer in this shell would be overall more efficient and extract more heat from the ocean.
Also, anticipating our results (Section 3), the dissipation of substantial amounts of heat (~0.5 TW and more)
prevents the crystallization of a thick shell. Europa's subsurface ocean is mainly composed of water plus small
amounts of impurities. Its exact composition is not constrained but likely includes salts such as sodium chloride
(NaCl) and magnesium sulfate (MgSO,), and volatile compounds such as ammonia (NH;), methanol (CH;OH)
and methane (CH,) (Carlson, 1999; Trumbo et al., 2019). These compounds act as anti-freeze, that is, they oppose
or delay the crystallization of the subsurface ocean, and may further influence the dynamics of the ice shell
(Deschamps & Sotin, 2001). Salts, in particular MgSO,, are likely a key component of the subsurface ocean
(Becker et al., 2024), but to date, there is no detailed experimental phase diagram for water + MgSO, mixtures.
Here, we therefore focus on the effect of ammonia, which is expected to condense in environments of giant
planets with predicted concentrations reaching up to a few weight percent (Mousis et al., 2009), and for which a
detailed experimental phase diagram is available (Sotin et al., 1997). Note that using other compounds may
impact details of the crystallization process and thermal evolution but would not qualitatively modify them.
Different amounts of different compounds may further lead to similar evolutions. For instance, Vilella
et al. (2020) pointed out that the effect of 30% MgSO,, is similar to that of 5.0 wt% NH;. Furthermore, anticipating
again our results (Section 3), the role of anti-freeze compounds has no or very small influence if large amounts of
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heat are dissipated in the ice shell. Changes in the ice shell thickness trigger changes in the concentration of
impurities. Up to the eutectic composition (which, for a mixture of water and ammonia, is equal to 32.2 wt% of
NH3;), only water crystallizes, leaving impurities in the ocean. As a result, the concentration of ammonia (and
more generally of impurities) in the remaining ocean is increasing as the ice shell thickens. For calculations, we
fixed the initial fraction of ammonia and we updated the concentration at each timestep following
xI‘(}’}lB = vaués,inn Voceaninit/ Vocean> Where Vocean init and Viee,, are the subsurface ocean initial and updated volumes.
For convenience, calculations are conducted with volume fraction of ammonia, which we then adjust to weight
fraction when determining the liquidus following (in the case of ammonia)

vol

Wt _ *NH3 PNH;

ANH; = vol T (1 — , (11)
XNH, PNH, ( xNH;)pw

where p,, and pyy, are the density of liquid water and ammonia, respectively. With this setup, and for initial
ammonia concentrations of 1.5 and 3.0 vol%, the eutectic composition of the water-ammonia system is reached
for an ice shell of about 154 and 145 km, respectively, that is, very close to a full crystallization of the initial
ocean. In practice, such thicknesses are obtained only if the reference viscosity is around 10" Pa-s or less and if no
tidal heating is dissipated in the ice shell (see Results section), and therefore the subsurface ocean is never close to
a eutectic composition if internal heating is included and/or a more realistic reference is assumed. Finally, it is
worth mentioning that the temperature at the bottom of the ice shell is determined at the melting point of pure
water mixed with impurities, while the melting point within the ice shell is imposed by the melting temperature of
pure water.

2.3. Silicate Core

The core is assumed to be composed of silicate rocks. Its radius is fixed at 1,400 km, leading to a hydrosphere of
161 km. The radial thermal structure of the core T, (r) and the heat flux at its top, Q,, are calculated by solving the
time-dependent heat diffusion equation,

p.C

dr,_1.d(,, dr.
e _ 2 4,2 He
“dt  r2dr\ C“dr

> + H.(1), (12)

where 7., C. and k_ are the density, specific heat, and thermal conductivity of the core, respectively. Solving
Equation 12 requires the prescription of the core surface temperature, which is here calculated from the tem-
perature at the bottom of the ice shell, Ty, and the assumption that the subsurface ocean is adiabatic (Section 2.4
and Equation 15; in practice, and given parameters in Table 1, the temperature at the top of the core is nearly
identical to T},,). The cooling of the core (and the evolution of Q.) thus implicitly depends on the ice shell
evolution. The volumetric heating, H., is caused by radiogenic heating H,,q due to the decay of isotopes >>°U,
2387, 232Th and “°K with chondritic concentration (Lodders, 2003). The radiogenic heat produced at time ¢ is
given by

He(t) = ), HiCoie ™", (13)
i=1,4

where H; is the heat release per mass unit, Cy; the initial concentration and 4; the decay constant for element i
(Table 2). The total radiogenic power as a function of time (green dashed curve in Figure 2a) is simply given by
H.,,q (Equation 13) multiplied by the core volume and density. An example of core top heat flux is shown in
Figure 2b. To estimate the influence of distributing tidal heating between the ice shell and the core, we also run
calculations in which part of the volumetric heating is due to tidal heating. In that case, the core total power and
top heat flux would be similar to those plotted in Figure 2 to which small oscillations are added.

2.4. Thermal Evolution

We calculate the evolution of the ice shell thickness by solving the energy conservation at the boundary between
the top of the subsurface ocean and the bottom of the ice shell (ice/ocean interface), which writes
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Table 2 3 3
dn 0T,q 0T Toot” — e
Properties of Long-Lived Radioactive Isotope Parameters dbtm[ Cw< aad + abm) ( bot 3 £ ) - p,L,rbmz
r r
Element Initial concentration Heat release Decay constant 2 2 14
(10*9 kg/kg) (W/kg) (1/yr) = Thot Qbot -1 Qw ( )
235 —4 —10
U 5.4 5.687 x 10 9.8485 x 10 . . . . Lo
where 1, is the radius of the ice/ocean interface, ¢ is time, Ty, and Qy,, are
Py 19.9 9.465 x 107> 1.5514 x 107"° . :
: ’ ’ the temperature and heat flux at the bottom of the ice layer, given by the
*Th 387 2638 x 107 4.9405 x 107" Jiquidus of the ocean and by Equation 7, respectively, r. is the core radius, Q,
40K 738.0 2917 x 107° 54279 x 107'°  the heat flux at the top of the core (Section 2.3), p,, and C,, are the liquid water
density and heat capacity, p; and L; the density and latent heat of ice /;,, and
T,q is the adiabatic temperature in the ocean, given by
aW
Toa(r) = Tooi (o) | 1 — 218" — Toor) (15)
PwCu
with a,, being the thermal expansion of liquid water. We solve Equation 14
25 . . . . forward in time up to 4.55 billion years (Gyr) using an adaptative step-size
(a) control Runge-Kutta method (Press et al., 1992), with parameters values
A listed in Table 1. By definition, the bottom temperature, T}, is given by the
20 phase diagram of the water mixed with impurities (here, ammonia) system.
internal power = 1.0 TW & As this temperature changes with time, the ice shell thickens or thins.
g 5% eccentricity variation
£15 Our approach therefore follows a classical Stefan problem, which describes
[
g the movement of a phase-change boundary assuming that the materials on
% 10 both sides of the boundary are stationary, and that thermochemical properties
© remain constant. In natural systems, however, complexities may arise. For
- instance, the classical Stefan problem assumes that the temperature at the
05 F S~ internal power = 0.6 TW & - . . . . ..
~<__  10% eccentricity variation phase-change bounda.ry immediately ?djust to the. new physical conditions
radiogenic heating (in all gases)” ~ = T === — - | _ _ (e,g..,. pressure) at this boun(_iary, V.Vhwh’ in practice, does not happen. In
| | i | 1 addition, the thermal properties of ice and water at the boundary may vary
0.0
0 1 2 3 4 during the phase change and modify the kinetics of the phase change. More
importantly, in the case of icy moons, the subsurface ocean may be flowing.
20.0 T T T T The kinetic energy associated with this motion should then be accounted for
(b) in the energy balance (Equation 14), which would delay the crystallization of
75 F the ocean. Another possible complexity arising in icy moons is that the phase
150 boundary may have a topography, in particular if the ice layer is animated by
N convection. In this case, ice flow would result in positive (upward) dynamic
2125 topography at plume locations and negative (downward) topography at
§ 100 E downwellings. Lateral changes in heat flux may accentuate this topography,
§ ' promoting crystallization at downwellings (where local heat flux is larger)
E 75 heat flux at the top of core (mW) and moderating it at plumes (where local heat flux is lower). The 1D classical
Stefan problem may thus not capture all the complexity of icy moons'
50 evolution.
25
| I I I 2.5. Time-Dependent Tidal Heating
0.0
0 1 2 3 4

Time (Gyr)

Figure 2. (a) Power produced by tidal dissipation for different assumptions
(grayish blue, red, and purple curves) and radiogenic heating in the core
(green dashed curve). Time-dependent tidal heating is due to a periodically
varying eccentricity and is calculated following Equation 16. (b) Heat flux at
the surface of the core and the core temperature deduced from solving the
heat diffusion equation. The ice reference viscosity is 10'* Pa-s, and the
period and amplitude of the variations in the orbit's eccentricity are fixed at
0.14 Gyr and 10% with a tidal power P, = 0.6 TW.

The strong tidal gravitational forces exerted by Jupiter on Europa trigger
deformation of Europa's ice shell. In particular, strike-slip displacements are
accompanied by frictional heating, which, in turn, results in the dissipation of
heat (Allu Peddinti & McNamara, 2019; Béhounkova et al., 2021; Gaidos &
Nimmo, 2000; Howell, 2021; Nimmo & Gaidos, 2002). Dissipated heat acts
as a source of internal heating, increasing the temperature of the ice shell and
reducing the amount of heat flux that can be extracted at the bottom of this
shell and transported to its surface (Deschamps & Vilella, 2021). Tidal
dissipation increases with the orbital eccentricity. Today, Europa's orbital
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eccentricity is equal to 0.0094, but due to gravitational interactions with Jupiter's other moons, it varies with time,
resulting in time-dependent tidal heating. Because Europa is locked in a complex resonance with Io and Gany-
mede, the variations in its orbital eccentricity are irregular and most likely non-periodic. The amplitude of long-
term variations in Europa's eccentricity are not well constrained, and available estimates depend, in particular, on
the assumed resonances between the Galilean moons. The calculations of Hussmann and Spohn (2004), which
couple thermal and orbital evolutions, suggest variations of ~60% around an average value of ~0.024, while more
recent simulations based on a dynamical orbital method (Lari et al., 2020) predict variations from 5% to 50%,
depending on the assumed resonance chain and on the angle formed by the mean orbital longitudes of Galilean
moons. The amount of heat released within Europa's interior further depends on its radial structure and on the
viscosity of its internal layers (e.g., Beuthe, 2015), such that an accurate determination of the dissipated heat at a
given time requires coupling thermal and orbital evolution. Here, for simplicity, we only consider the effects of
time-dependent eccentricity, keeping in mind that structural parameters may also have an impact on the amount of
heat dissipated. Also, for simplicity, we assume that the total tidal power P4, varies periodically as a function
of time following

_2m)?
PlidEZPO a0+a1 Sln? N (16)

where Py is the tidal power for the reference orbital eccentricity ey, ¢ is the time and P the period of orbital
eccentricity variation. The constants a, and a, are related to the maximum and minimum eccentricity, e;,,, and
emin» Tespectively, and are given by

— (emax + emin) (]7)

ay B

and

€max — €min
) 0

With Equations 1618, a 10% variation in eccentricity compared to the average eccentricity ¢, (i.e., ey, = 0.9 ¢
and e, = 1.1 ¢y) results in a peak-to-peak variation in tidal power equal to 0.4 P,. Following Hussmann and
Spohn (2004), we fixed the period to P, = 0.14 Gyr. As noted above, the choice to vary eccentricity using a
periodic function is purely arbitrary and is not based on some observational or theoretical considerations. It may,
however, be suitable for our goal here, which is to estimate the response of the outer ice shell to a given change in
orbital eccentricity. Figure 2 illustrates variations of the total power (i.e., the radiogenic power produced in the
core plus the tidal power) available in Europa as a function of time. The dissipated heat per unit mass (which is
used, in particular, to calculate the internal temperature in Equation 3) within a layer of volume V and density p is
simply given by H = P/pV.

Tidal dissipation may also affect the rocky core, entertaining hydrothermal activity within this core and volcanism
at its surface (B€hounkova et al., 2021). In that case, to fully describe the energy balance at the bottom of the ice
shell, tidal dissipation should be added to the radiogenic power. To take this into account, we performed a few
calculations in which the total power is split between the outer ice shell and the core with a fraction xifje and (1
- iicge), respectively. Tidal heating within each of these regions is then estimated according to their volume and
density. Again, one may point out that the total amount of heat dissipated and the distribution of this heat both
depend on the radial structure and on the material properties (essentially, the viscosity) of the different layers.
Because here our goal is only to assess the effect of distributing a given amount of heat between the ice shell and
the silicate core, we simply prescribe the total amount of dissipated heat, which we then arbitrarily distribute

between the ice shell and the core.

2.6. Initial Conditions

All calculations start with an initial ice shell thickness equal to 10 km. The initial temperature in the core is an
isotherm corresponding to the temperature at the bottom of a 10 km ice shell. For an initial concentration in
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ammonia equal to 1.5 wt%, this leads to a temperature of 272.5 K. We tested the influence of these initial
conditions on the ice shell evolution, varying the initial thickness in the range of 5-20 km and the initial core
isotherm up to 500 K (Figure S1 in Supporting Information S1). While initial thickness has a small impact on the
early evolution of the shell, it leaves the properties of this shell unchanged in the long term. As one could expect,
increasing the initial temperature has a strong effect in the early evolution stages of the ice shell and up to
~1.0 Gyr by controlling the maximum shell thickness during these stages. Larger initial temperatures lead to
thicker early shells, and an initial temperature of 500 K or higher prevents the growth of the ice shell. In the long
term, however, differences are small, with higher initial temperature leading to a final ice shell thinner by only a
few kilometers compared to our calculations.

3. Results

The individual impacts of internal heating, ice reference viscosity, and ocean composition follow general trends
that can be summarized as follows. First, increasing the amount of tidal power triggers an elevation of temperature
that delays ocean crystallization. This temperature increase further reduces the amount of heat that can be
extracted from the subsurface ocean. Although a higher temperature reduces viscosity and therefore promotes
convection, it also decreases the temperature contrast that drives buoyant plumes, thus weakening convection and
decreasing the efficiency of heat transport (Deschamps et al., 2010; Sotin & Labrosse, 1999). Second, increasing
reference viscosity reduces the vigor of convection, and thus, again, the ability of transferring heat toward the
surface. Third, increasing the amount of anti-freeze compounds in the subsurface ocean reduces the temperature at
the bottom of the outer ice shell, making the conditions for pursuing the crystallization more challenging. In
addition, this cooling leads to an overall increase in bottom viscosity, which weakens convection, and to a
stronger sensitivity of viscosity to temperature through the viscous temperature scale (Section 2.1), which
strengthens the stagnant lid, further weakening convection and reducing heat extraction from the ocean and heat
transfer through the ice shell. Each of these effects individually slows down the cooling of Europa and delays the
crystallization of the ocean. In this section, we use the method detailed in Section 2 to quantify these effects, and
we compare our results with estimates from geological surface observation.

3.1. Ice Shell Properties at 4.55 Gyr

We first run calculations with constant tidal heating, varying the ice reference viscosity, 7., internal heating and
ocean composition within their possible ranges. Figure 3 plots the thicknesses of the whole ice shell and of the
stagnant lid after 4.55 Gyr of evolution as a function of the tidal power, and for different values of 7,.¢. Two initial
compositions of the ocean are considered: pure water (Figures 3a and 3c), and an initial mix of water and
ammonia (NH;) with initial volume fraction of NH3, xy3, equal to 3.0% (Figures 3b and 3d). The impact of ocean
composition on the ice shell and stagnant lid thicknesses at 4.55 Gyr is further illustrated in Figure S2 in Sup-
porting Information S1. For the pure water scenario (Figure 3a), and assuming that there is no internal heat within
the ice shell (P = 0), the ocean crystallizes completely (the ice shell is 161 km thick) for all the values of 7, in
the range of 10'*—~10"> Pa-s. Still in the case P, = 0, incorporating small amounts of NH; in the ocean (Figure 3b
and Figure S2 in Supporting Information S1) prevents the full crystallization of the ocean. For instance, taking
Xnus = 3.0%, a subsurface ocean is maintained whatever the values of 7,.; we assumed (Figure 3b). A subsurface
ocean can also be maintained for lower values of xyyy3, around 0.5 vol% (Figure S2 in Supporting Information S1).
The presence of subsurface ocean results from the fact that as the ice shell crystalizes, ammonia remains in the
ocean and its concentration increases, reducing the ocean liquidus (and thus the temperature at the bottom of the
ice shell). As noted earlier, this opposes the crystallization for two reasons: first, the conditions for pursuing
crystallization are more difficult to reach; and second, the temperature of the shell is reduced, increasing the
viscosity of this shell and weakening convection within it. In all cases, however, the ice shell is very thick
compared to the values estimated from surface geological features. For xyy3; = 3.0%, it ranges from 110 km (at
10" Pa-s) to about 140 km (at 10'> Pa-s).

Dissipating tidal heat within the ice shell has a strong impact on the evolution of this shell (Figures 3a and 3b). For
a pure water ocean and 7,.; = 10" Pa-s, a subsurface ocean can be maintained if the tidal power is larger than
1.3 TW. Increasing #,.; to 10" Pa-s, the minimum tidal power needed to maintain a subsurface ocean drops to
0.5 TW, and a tidal power of 1.0 TW leads to a 40 km thick ice shell. The initial composition of the ocean still
plays a significant role, but to a lesser extent compared to tidal heating and reference viscosity (Figure S2 in
Supporting Information S1). For instance, assuming P, = 1.0 TW and 7,,; = 10" Pa-s, the ice shell thickness is
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Figure 3. Thickness of ice shell (a) and (b) and stagnant lid (c) and (d) at 4.55 Gyr as a function of the tidal power and for six values of the reference viscosity 7,.; (Pa-s).
Two initial compositions of the ocean are considered: (a) and (c) pure water, and (b) and (d) water plus an initial volume fraction of ammonia equal to 3.0 vol%
ammonia. The dashed parts of the curves indicate that the system is not animated by convection.

now equal to 33 km (compared to 40 km for a pure water ocean, and 143 km for P, = 0). Overall, Figure 3 and
Figure S2 in Supporting Information S1 suggest that the presence of impurities in the ocean has a weaker impact
on the ice shell evolution than the value of 7,.; and the amount of tidal heating. We will discuss the influence of
ammonia concentration more in details in Section 3.3.3. For all other calculations, we fixed the initial fraction of
ammonia to 1.5 vol%.

In our approach, the stagnant lid corresponds to the top, rigid part of the ice shell that is not participating in
convection. From this point of view, it may be identified with the brittle part of the ice shell, which can be
estimated from gravity measurements (Nimmo et al., 2003; Williams & Greeley, 1998) or studies of impact basin
morphology (e.g., Schenk, 2002; Wakita et al., 2024). It is also worth reminding that the stagnant lid impacts the
heat transfer through the ice shell, with thicker lids reducing the ability of the shell to cool down and remove heat
from Europa's interior. For the pure water scenario without tidal heating, the stagnant lid thickness varies from
10 km to over 40 km, depending on the value of 7, (Figure 3c). Adding tidal heating in the system overall leads to
thinner lids, but reduces the influence of the reference viscosity on the stagnant lid thickness. For example, at
P, =1 TW, the stagnant lid thickness is around 8 and 12 km for values of #,. in the range of 10'°~10'* Pa-s,
respectively. For an ocean with an initial fraction of ammonia of 3.0 vol%, the stagnant lid thickness still increases
with increasing tidal power but is nearly independent of the reference viscosity.

Interestingly, Figure 3 shows that when tidal heat is accounted for, and depending on the assumed reference
viscosity, the modeled thicknesses of the ice shell and of the stagnant lid are close to those estimated from impact
basin morphology. For a reference viscosity around 10'* Pa-s and tidal heating between 0.6 and 1.0 TW (which is
the range calculated by Hussmann and Spohn (2004) based on thermal-orbital coupling calculations and assuming
that all the tidal power is dissipated in the ice shell), Figure 3 indicates that the thickness of the outer ice shell
should be thinner than 50 km. However, because Europa's ice shell may thicken and thin periodically due to
temporal variations in tidal dissipation, the results plotted in Figure 3 do not necessarily represent the current state
of this shell. Quantifying the impact of time-dependent tidal power on ice shell's properties provides an estimate
of the minimum and maximum thicknesses allowed by thermal evolution models.
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Figure 4. Evolution of (a) the ice shell thickness, (b) the interior temperature, (c) the stagnant lid thickness, and (d) the surface heat flux as a function of time and for

reference viscosity 7, = 10'* Pa-s, initial fraction of ammonia xy;; = 1.5%, and tidal power Py, = 1 TW. The black and gray curves are for constant tidal heating and
time-dependent tidal heating with 10% variation in the orbital eccentricity and a 0.14 Gyr period.

3.2. Time-Dependent Variation of Tidal Power

Figure 4 shows the evolution of the ice shell and stagnant lid thickness for constant tidal heating (with P, = 1 TW)
and time-dependent tidal heating corresponding to P, = 1.0 TW and a 10% variation in orbital eccentricity (i.
e., emin = 0.9 ¢y and e, = 1.1¢,, in Equations 17 and 18) with a period of 0.14 Gyr. The reference viscosity and
fraction of ammonia are fixed to 7, = 10" Pa-s and xyy; = 1.5%, respectively. Figure S3 in Supporting In-
formation S1 further plots the evolution of parameters (bottom temperature and viscosity, concentration of the
ocean in ammonia, and mean core temperature) that help to understand the evolution of the shell. Interestingly,
through most of the evolution, the viscosity at the bottom of the ice shell remains close to the reference viscosity,
and the concentration in ammonia remains around 2.0 vol%. Also, noteworthy, the mean core temperature rises to
~850 K within the first 3 Gyr, and then slowly decreases until 4.55 Gyr.

For a constant tidal heating, the ice shell initially grows until ~0.2 Gyr, reaching a maximum thickness of ~45 km
(Figure 4a). The shell then begins to melt, thinning to about 24 km at 1.4 Gyr, and starts to slowly crystallize again
after that time. Such a pattern reflects the influence of radiogenic heating within the Europa's core (Figure 2b, red
curve), with the radiogenic heat flux peaking at ~1.4 Gyr and decreasing thereafter. Atz = 4.55 Gyr, the ice shell
is about 34 km thick. The thickness of the stagnant lid follows a similar trend over time (Figure 4c), increasing to
11.3 km from O to 0.2 Gyr, then thinning to about 10 km at 1.4 Gyr, and slightly thickening again up to 4.55 Gyr.

With variable tidal heating, the ice shell follows a similar trend on average but experiences, in addition, successive
cycles of crystallization (thickening) and melting (thinning). Its thickness reaches about 55 km at 0.2 Gyr, and at
1.4 Gyr, it oscillates around the value obtained for constant tidal heating, with minimum and maximum values
around 20 and 45 km. Note that the amplitude of these variations slightly increases with time, reaching about
25 km at ¢t = 4.55 Gyr. This decrease is again related to the decrease of the radiogenic heat flux after 1.5 Gyr,
which allows thicker shells and thus increases the importance of tidal (internal) heating relative to basal heating.
Similarly, the thickness of the stagnant lid oscillates from 9.5 to 12 km, maintaining an average thickness
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Figure 5. Evolution of the ice shell properties as a function of time for four values of internal power: 0.6, 0.8, 1.0, and 1.2 TW. The ice reference viscosity and initial
fraction of ammonia are set to 10'* Pa-s and 1.5 vol%, respectively. (a) Ice shell thickness with both constant and time-dependent internal heating. (b) Average amplitude
variations of the ice shell thickness over the last 2.5 Gyr. (c) Stagnant lid thickness. (d) Interior temperature. Note that we do not plot the portions where the system is not
animated by convection. The legend in plot (a) also applies to plots (c) and (d).

comparable to that obtained for the constant tidal heating scenario. The amplitude of these variations remains
around 2 km and again decreases very slightly with time.

While there is, to date, no direct observational constraint on the internal temperature of Europa's ice shell (defined
as the average temperature of the well mixed convective interior, i.e., excluding the stagnant lid and the thermal
boundary layers) and on the average heat flux at its surface, it is interesting to see how these parameters evolve in
our models, as they allow us to better understand the thermal evolution of Europa. The internal temperature
(Figure 4b) is nearly constant in time at 268 K, indicating that the system does not cool down. Meanwhile, the
surface heat flux (Figure 4d) remains around 40 mW/m?. Periodic tidal heating induces temperature and heat flux
variations of about 4 K and 10 mW/m?, respectively, that add up to these general trends.

3.3. Influence of Internal and External Factors

In Sections 3.3.1 to 3.3.4, we investigate the effects of internal (tidal heating, ice viscosity and ocean composition)
and external (orbital variations) factors on the ice shell evolution and properties. The default values of the tidal
power, ice reference viscosity, initial volume fraction of ammonia in the ocean and amplitude variations in
Europa's orbital eccentricity are, respectively, fixed to 1.0 TW, 10" Pa:s, 1.5 vol% and 10%, and we successively
vary each of these parameters within possible or expected ranges. The period for the changes in orbital eccen-
tricity is fixed at 0.14 Gyr in all calculations. In Section 3.3.5, we further estimate the impact of distributing tidal
power between the ice shell and the silicate core.

3.3.1. Internal Heating

We first investigate the influence of the reference tidal power P, (Equation 16), which we vary between 0.6 TW
and 1.2 TW. Figures 5a and 5b, plotting the evolution of ice shell thickness (for both constant and time-dependent
heating) and its time-average over the last 2.5 Gyr, show that the total power exerts a strong control on this

CHEN (LIVIA) ET AL.

14 of 24

858917 SUOWILLIOD SAIERID 3|qedi(dde ay) Aq peupA0B 812 Sajo1e O 8sN J0 s3I U0y Afeiq178UlIUO AB]IM UO (SUONIPUOD-PUE-SWBILID AS | 1M AReq)1 pU1|UO//SANY) SUONIPUOD PUe SWIS 1 aY) 39S *[9202/20/0T] Uo Aeiqiauijuo ]I ‘ BIIUIS eiwepedy - sdukeyosaq 91:9paid AQ 82680031202/620T 0T/10p/uiod™Aa| i Akeiq i putjuo'sgndnBe//sdny woiy papeojumod ‘2 ‘9202 ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008928

evolution, with greater internal power resulting in a thinner ice shell. For all tested values of the power, the long-
term trend is similar to that in Figure 4a, with a maximum thickness around 0.2 Gyr, followed by a melting up to
~1.4 Gyr and a slow re-crystallization from that time up to t = 4.55 Gyr. Short cycles of growth and thinning add
up to this evolution. The maximum thickness varies between about 95 km for P, = 0.6 TW and 35 km for
Py=12TW. After 1.4 Gyr, the ice shell thickens from 60 to 90 km for P, = 0.6 TW with short scale oscillations
around 15 km in amplitude. For P, = 1.0 TW the thickening is less pronounced and slower, from 20 to 35 km with
short scale oscillations around 20 km in amplitude. For P, = 1.2 TW, the situation is slightly different as con-
vection successively turns on and shuts off. As a result, the thickness of the ice shell remains approximately
constant around 25 km during the whole evolution with a reduced oscillation amplitude of about 10 km.

Over time, the evolution of the stagnant lid (Figure 5c) and internal temperature (Figure 5d) are similar to that of
the ice shell thickness. The lid grows and the shell cools down from the beginning until 0.2 Gyr. This initial phase
is followed by lid thinning and shell warming until 1.4 Gyr, and then slow lid thickening and shell cooling from
that time up to + = 4.55 Gyr. Increasing tidal heating causes a thinning of the stagnant lid (Figure 5c¢) and a
warming of the ice shell (Figure 5d). For example, for P, = 0.6 TW, the stagnant lid varies between about 13 and
17 km, while increasing the power to P, = 1.0 TW results in a thinning of the lid by about 3 km (i.e., the lid
thickness is between 9 and 12 km). The interior temperature oscillates between about 260 and 265 K for
Py=0.6 TW, and increases by 8—15 K for P, = 1.0 TW. It is worth noting that if the internal power is high enough
(e.g., Po=1.0 TW and 1.2 TW), the interior temperature remains overall constant (Figure 5d), meaning that the
ocean and ice shell are not cooling down. In contrast, for P, = 0.6 TW and 0.8 TW, the interior temperature
decreases over time, reflecting the reduction in radiogenic heat and indicating that the system is cooling down.
Finally, the surface heat flux (Figure S4a in Supporting Information S1) is also affected by internal tidal power,
with higher tidal power leading to a higher surface heat flux. For example, with a reference tidal power
P, = 1.0 TW, the surface heat flux varies between 35 and 45 mW/m?, while a tidal power of P, = 0.6 TW results
in surface heat flux oscillating around 25 mW/m?.

3.3.2. Ice Reference Ice Viscosity

We then investigated the influence of the ice reference viscosity, #,.;, which we varied between 10" and
10'* Pa-s. Higher values, up to 5 .0x 10" Pa-s, have been considered (Green et al., 2021). Our calculations
(Section 3.1, Figure 2) however indicate that if internal heating exceeds 0.6 TW, such high values of 7, result in a
purely conductive ice shell during all Europa's evolution. While Europa's ice shell may have experienced purely
conductive episodes during its history, surface tectonics suggest that convection has operated and is still likely to
operate within it. Therefore, we did not consider values of #,.; higher than 10'® Pa-s in this study. Figures 6a and
6b show the ice shell thickness evolution and average value in the last 2.5 Gyr. As expected, higher viscosity
results in a thinner ice shell. For example, #,.s = 10"3 Pa-s leads to an ice shell thickness between about 95 and
115 km over the last 2.5 Gyr, whereas for 7,.c = 10'>° Pa-s, this thickness ranges from about 50 to 80 km. It is
interesting to note that the amplitude variations due to orbit's eccentricity are overall larger for thinner shells than
for larger shells, with amplitudes of about 17 km for a time-averaged 125 km ice shell, and 22 km for a 60 km
shell. This is not a direct effect of the viscosity (or the dissipated tidal power), but results instead from the fact that
the tidal heating per mass unit (which is the parameter that affects heat transfer by convection; Section 2.1) is
larger in thinner shells. As a consequence, a given change in tidal power results in larger thickness fluctuations in
thin shells than in thick shells. In systems experiencing alternating convective and conductive phases, shells are
thinner (with average thickness <30 km), and pure conductive conditions limit the minimum shell thickness,
therefore reducing the amplitude of its variations.

While the ice shell thins with increasing reference viscosity, the change in stagnant lid thickness appears to be
mostly insensitive to these changes in viscosity. Increasing #,.; from 10'*° Pa-s to 10'* Pa-s causes a decrease in
stagnant lid thickness by less than 1 km (Figure 6c¢). For comparison, the variation in the ice shell thickness can
exceed 40 km. This reflects the fact that size and strength of the stagnant lid thickness are related to the sensitivity
of the viscosity to temperature rather than to the viscosity itself. This explanation also applies to the variations in
surface heat flux, which is nearly unchanged when raising the viscosity from 10'? to 10'* Pa-s (Figure S4b in
Supporting Information S1). Finally, Figure 6d shows that a higher #,.; results in a higher interior temperature,
with the temperature increasing by about 10 K from 10'* to 10'* Pas.
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Figure 6. Evolution of the ice shell properties as a function of time for four reference viscosities: 103, 10", 10'*73, and 10'* Pa-s. The tidal power and initial fraction of
ammonia are set to 1.0 TW and 1.5 vol%, respectively. (a) Ice shell thickness with time-dependent internal heating. (b) Average amplitude variations of the ice shell
thickness over the last 2.5 Gyr. (c) Stagnant lid thickness. (d) Interior temperature. Note that we do not plot the portions where the system is not animated by convection.
The legend in plot (b) also applies to plots (c) and (d).

3.3.3. Initial Composition of the Subsurface Ocean

Changes in the ice shell thickness trigger changes in the concentration of impurities in the subsurface ocean. As
the ice shell thickens, water freezes while impurities remain in the ocean, so that their concentrations increase.
Conversely, during periods of thinning, molten ice dilutes the ocean, reducing the concentration of impurities in
the seawater. Without tidal heating, the ocean composition has a strong impact on the ice shell evolution (Figure 3
Figure S2 in Supporting Information S1). In particular, compared to a pure water ocean, the presence of ammonia
prevents the full crystallization of the ocean. In contrast, if a substantial amount of tidal heating is released in the
ice shell, the influence of composition is overwhelmed by the effects of this heating. For a tidal power equal to
1.0 TW, the ice shell thickness remains nearly similar for all the three compositions considered (Figures 7a and
7b). During the last 2.5 Gyr, the average thicknesses are 34, 33.5, and 31 km for pure water and initial NH;
concentrations of 1.5% and 3.0%, respectively. While the ice shell thickness shows slight thinning with increasing
NHs, the stagnant lid thickness remains, in all cases, largely unaffected by ocean composition (Figure 7c), sta-
bilizing around 11 km at 4.55 Gyr. Likewise, variations in ocean composition do not significantly impact the ice
shell internal temperature (Figure 7d) and the surface heat flux (Figure S4c in Supporting Information S1). The
decreased influence of ocean composition in the presence of tidal heating can be related to the details of heat
transfer through the shell. In the absence of internal heating, the amount of heat that can be extracted from the
ocean is controlled by the amplitude of the stagnant lid, which itself depends on the composition of the ocean
through its control on the bottom temperature. In contrast, if internal heating is strong enough, plumes are weaker.
The heat that can be extracted from the ocean is then limited and controlled by the amount of internal heat. As a
result, the composition of the subsurface ocean loses its influence on ice shell evolution.
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Figure 7. Evolution of the ice shell properties as a function of time for three initial compositions of the initial ocean: pure water, 1.5 vol% of NH; and 3.0 vol% of NH;.
The tidal power and reference viscosity are set to 1.0 TW and 10™ Pa-s, respectively. (a) Ice shell thickness with time-dependent internal heating. (b) Average amplitude
variations of the ice shell thickness over the last 2.5 Gyr. (c) Stagnant lid thickness. (d) Interior temperature. Note that we do not plot the portions where the system is not
animated by convection. Note also that, in this case, the curves obtained for different concentrations of ammonia are nearly identical, indicating that when strong tidal
heating is present, the influence of ammonia on the ice shell evolution is negligible. The legend in plot (a) also applies to plots (c) and (d).

3.3.4. Influence of Orbital Variations

Currently, Europa's eccentricity is small, at 0.0094, but it has likely varied significantly in the past due to
gravitational interactions with Io and Ganymede through the Laplace resonance (e.g., Hussmann & Spohn, 2004;
Nimmo et al., 2007; Howell, 2021). Variations in eccentricity affect the intensity of tidal forces exerted on Europa
by Jupiter and its other large moons. Changes in these tidal forces result in fluctuations in Europa's deformation,
which, in turn, alter frictional heating and Europa's heat budget. In Sections 3.2 and 3.3, we assumed that the
amplitude of variations in orbital eccentricity is equal to 10%. Since this amplitude is not well constrained, and to
further explore the effects of orbital variations, we conducted additional calculations for eccentricity variations of
5%, 20%, and 50% (Figure 8). For a reference tidal power equal to 1.0 TW, such variations may lead to peak-to-
peak variations in tidal heating equal to 1.1025, 1.44, and 2.25 TW, respectively.

Because it triggers substantial changes in the amount of released heat, variations in orbital eccentricity have a
strong impact on the ice shell thickness, with larger variations in eccentricity leading to larger changes in this
thickness (Figure 8a). For example, with a reference tidal power of 1.0 TW and #,.; = 10"* Pa-s, a 20% variation in
eccentricity results in the ice layer thickness ranging between about 16 and 55 km, whereas a 50% variation in
eccentricity leads to thicknesses in the range of 16—-83 km (Figure 8b). Since this periodic variation is primarily
due to the amplitude variation of tidal heating, its impact on the ice shell is similar to that caused by internal tidal
heating (Section 3.3.1). In addition to the ice shell thickness, these variations temporarily affect the stagnant lid
thickness (Figure 8c), interior temperature (Figure 8d) and surface heat flux (Figure S4d in Supporting Infor-
mation S1), with larger eccentricity variations resulting in higher amplitude changes in each ice shell property.

Interestingly, because the variations in Europa's ice shell thickness in response to variations in orbital eccentricity
can be large (from ~14 km and up to 65 km for variation in eccentricity of 5% and 50%, respectively), they
introduce a strong variance in the possible ice shell thickness over time. In other words, they may help solve the
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Figure 8. Evolution of the ice shell properties as a function of time with time-averaged internal power P, = 1.0 TW, reference viscosity #,.; = 10'* Pa-s, and initial ocean
ammonia concentration fixed to 1.5%. The amplitude variations of the orbit's eccentricity are set to 5%, 20%, and 50% with a fixed period of 0.14 Gyr. (a) Ice shell
thickness. (b) Average amplitude variations of the ice shell thickness over the last 2.5 Gyr. (c) Stagnant lid thickness. (d) Interior temperature. Note that we do not plot
the portions where the system is not animated by convection. The legend in plot (a) also applies to plots (c) and (d).

discrepancy between estimates of Europa's ice shell thickness from surface geological features and from thermal
modeling methods (see discussion).

3.3.5. Repartition of Tidal Heating

Due to ice properties (viscosity and elastic parameters), viscoelastic deformations of the ice shell are expected to
be much larger than in the silicate core and to dissipate more heat. Based on this observation, in all the calculations
presented in the previous sections, we assumed that tidal dissipation occurs only within the ice shell. Dissipation
in Europa's core may however be stronger than expected. In this section, we investigate the impact of allocating
part of the tidal heat in the silicate core. Note that adding too much heat to the core may lead to its partial melting.
To avoid this, we estimated the percentage of tidal heating that should not be exceeded to avoid core melting
(Figure S5 in Supporting Information S1), assuming that the composition of the silicate layer is similar to that of
pyrolite, and using the experimental results of Pierru et al. (2022) to define the melting point of the silicate layer.
For instance, if the total tidal dissipation exceeds 0.5 TW, the tidal heating in the silicate core should not exceed
0.1 TW (i.e., 20% of the total power) to avoid melting.

Imposing less heat in the ice shell and adding some in the silicate core allows convection in the shell to extract
more heat from the ocean. Meanwhile, it increases the heat available at the bottom of the ice shell. To determine
which of these two effects is dominant, we conducted calculations for fractions of tidal power within the ice shell,
xiicge, equal to 85%, 90%, 95%, and 100%, and for two values of the total power 0.6 TW and 1.0 TW. The reference
viscosity was set to 10" Pa-s and the initial fraction of ammonia to 1.5%. For these values, our calculations
indicate that partitioning tidal heat within the core and the ice shell has only a small effect on the thickness of the
ice shell (Figure 9). For total power 0.6 TW (Figure 9 solid lines), a higher proportion of internal heat in the ice
shell leads to a thinner ice layer with higher temperatures (Figure S6 in Supporting Information S1) prior

to ~2.5 Gyr, indicating that distributing part of the total tidal heat in the core slightly improves the cooling of
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shell is now slower due to reduced convection efficiency. We observe a
similar evolution for a total power of 1.0 TW, except that the transition time
now occurs at approximately 3 Gyr (Figure 9 dashed lines). Note that, in this
case, because imposing 10% or more of the tidal heating within the silicate
core may lead to core partial melting of this core (Figure S5 in Supporting

. Information S1), we limited our calculations to values of x¢, lower than 90%.

4. Discussion

In this study, we investigated the effects of internal (subsurface ocean
composition, tidal heating and ice reference viscosity) and external (orbital
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Figure 9. Evolution of the ice shell thickness as a function of time for several
repartitions of the tidal heating between the ice shell and the core (with
dissipated fraction in the shell equal to 100%, 95%, 90%, and 85%). Tidal
heating is constant in time, and two values are considered: 0.6 TW and

1.0 TW. The ice reference viscosity is 77,4 = 10" Pa-s and the initial fraction

of ammonia xyy; = 1.5 vol%.

Time (Gyr)

variations) factors on the evolution of Europa's ice shell properties (total
thickness, interior temperature and stagnant lid thickness). Our models
indicate that, while the intrinsic effects of the ocean composition on these
evolutions are significant, they are of second order compared to the amount of
tidal heating and to the value of the ice viscosity, which strongly affect the ice
shell thickness and interior temperature. Additionally, because they trigger
periodical changes in the amount of tidal heat released, orbital variations
significantly affect these properties over time.

In addition to quantitatively investigate the effects of various parameters on Europa's ice properties, our study
provides new insights that help to reconcile the values of the ice shell and stagnant lid thicknesses deduced from
observational features, most particularly the morphology of large impact basins, with those predicted by thermal
evolution models. The different methods used to estimate these thicknesses exhibit different sensitivity to the ice
shell thickness at different time and spatial scales. Thermal evolution modeling addresses long-term variations
and predicts ice shell thicker than 20 km (Billings & Kattenhorn, 2005), and up to 50—90 km (Vilella et al., 2020),
which is larger than estimates based on the analysis of surface geology features. By accounting for temperature
and heat flux scaling that specifically accounts for the effects of internal heating on heat transfer within the ice
shell (Deschamps & Vilella, 2021), and by considering the variability induced by periodical changes in orbital
eccentricity, our calculations lead to a range of ice shell thickness notably smaller than that predicted by previous
models of thermal evolution. For values of #,.; around 10'* Pa-s and tidal power between 0.6 and 1.0 TW, which
are well within the expected range for these parameters, the ice shell thickness predicted by our calculations align
well with those of Howell (2021), between 23 and 47 km with the best solution at 24.2 km, and with studies based
on the morphology of large impact basins, which report ice shell thicker than 20 km, including a conductive lid of
about 8 km at its top (Schenk, 2002; Wakita et al., 2024). By contrast, our estimates are still one or two orders of
magnitude too large compared to estimates based on lithospheric flexure under loading (Billings & Katten-
horn, 2005 and references therein). However, it should be reminded that these estimates measure the elastic
thickness of the ice shell and may reflect the depth of a specific viscosity level, which is equivalent to a specific
isotherm. The elastic thickness is thus necessarily thinner than the whole lithosphere (the rigid part of the ice
shell), and further thinner than the total ice shell, if a viscous layer is present beneath the rigid shell. Our estimates
are also still larger than the thickness deduced from ice raft isostasy, which usually predicts values in the range of
2-6 km (Billings & Kattenhorn, 2005 and references therein). These methods provide the total thickness but are
applied to limited areas and chaotic terrains, and rely on estimates of the ice raft height. It cannot be excluded that
these rafts do not directly float on the subsurface ocean but rather on pockets of melt located near the top of the
shell and triggered by the ascent of a thermal plume rising through a thicker ice shell (Schmidt et al., 2011).

To further illustrate the range of reference viscosity and tidal power that provides good agreement with impact
basin morphology estimates, we plotted the average and minimum ice shell and stagnant lid thicknesses over the
last 0.5 Gyr as a function of these two parameters and for a 10% variation in orbital eccentricity and a 1.5 vol%
initial concentration in ammonia (Figure 10). Differences between average and minimum thicknesses are small
(~5 km and less) and are plotted on Figure S7 in Supporting Information S1. Our calculations predict ice shell
thickness as low as 15 km for a tidal power of 1.2 TW and an ice reference viscosity of 10'* Pa-s or larger. A whole
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Figure 10. Minimum (a) and (b) and average (c) and (d) ice shell and stagnant lid thicknesses over the past 0.5 Gyr as a function of viscosity and tidal heating. The initial
volume fraction of ammonia was set to 1.5% vol of ammonia and the amplitude of variations in orbit's eccentricity to 10%. The color scale is saturated at 80 km for
clarity, but in some regions, the actual ice shell thickness can reach up to 161 km (full crystallization). Values beyond 80 km are shown in the same dark blue shade.
Differences between the average and minimum thicknesses are shown in Figure S7 in Supporting Information S1.

range of tidal power and viscosity, from 0.6 TW and 10'*° Pa-s to 1.2 TW and 10'*"° Pa-s, explain the best
solution proposed by Howell (2021) at 24.2 km. Similarly, our models can fit the range of thicknesses deduced by
Wakita et al. (2024), 20—47 km, for a large range of tidal power and reference viscosities, from 0.4 TW and
10" Pa-s to 1.2 TW and 10" Pa-s. Note that larger variations in eccentricity would provide even more solutions.

The stagnant lid considered in our model corresponds to a rigid lid overlaying a viscous interior and may be
associated with the elastic thickness estimated by some studies. Early gravity measurement (Nimmo et al., 2003;
Williams & Greeley, 1998) and impact cratering analyses (Moore et al., 1998, 2001; Schenk, 2002; Silber &
Johnson, 2017; Wakita et al., 2024) studies suggest that the elastic ice shell thickness may range from 0.5 to 8 km.
Using a two-layered model to calculate heat flux balance, Howell (2021) suggested that the lid may be thicker,
between 8.5 and 20 km, with a best solution of 10.4 km. Overall, our models predict a rather thick stagnant lid, in the
upper end of previous estimates, but still agree with these estimates for reasonable values of the ice viscosity and
tidal power (Figure 8a). For instance, a tidal power of 1.0 TW together with a reference viscosity of 10'* Pa-s
satisfies the optimal solution (i.e., 10.4 km) proposed by Howell (2021). If the model aims to produce a thinner
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conductive lid, the reference viscosity would need to be lower than 10" Pa-s. However, this would result in a
significant increase in ice shell thickness. One may, however, point out that the presence of a thick, rigid lid at the
top of Europa's ice shell is inconsistent with Europa's geologically young surface and tectonic activity. First, it
should be noted that a stagnant lid does not preclude the presence of surface tectonic features, as shown, for
instance, in the case of Mars. In the case of Europa, partial melting at the base or within the lid due, for instance, to
the arrival of hot plumes, may lead to the formation of chaotic terrains such as those observed at Europa's surface
(Schmidtetal., 2011; Sotin et al., 2002). Furthermore, it cannot be excluded that Europa experiences an episodic lid
regime, in which the lithosphere follows cycles of growth, weakening, and overturn (e.g., Lourengo &
Rozel, 2023). In the case of rocky planets (e.g., Venus), such aregime may be triggered by the transition from basalt
to eclogite or by increasing stress as the lithosphere thickens. In Europa, tidal heating and its time variations may
lead to an episodic lid regime: if too large, heating may weaken this lithosphere to the point that it becomes unstable.

Our models include several simplifications that may further affect Europa's evolution. First, and most importantly,
a comprehensive understanding of Europa's ice shell evolution requires coupling its orbital and thermal evolutions
to fully capture the variations in tidal heating over time. Such a coupling is not included in our calculations. While
the effects of lateral viscosity variations are accounted for through the scaling laws we used (since these re-
lationships do not depend on the viscosity distribution within the ice shell; Deschamps & Vilella, 2021), changes in
the amount of tidal heating due to the evolution of the radial structure and viscosity are not accounted for in our
calculations. Interestingly, our results show that for dissipated power around 0.6 TW or more and a 10% variation in
eccentricity, the change in thickness during the past 3 Gyris limited to 25 km or less. This may slightly moderate the
impact of the changes in ice shell thickness variations on the variations in tidal heating. Over time, the ice shell
cooling should lead to an overall increase in the shell viscosity and lead to a slight decrease in tidal dissipation, as
that imposed in the models of Béhounkova et al. (2021). If internal heat were to decrease, it could lead to a slight
thickening of the ice shell compared to our estimates. In addition, the periodic eccentricity variations we impose do
not capture all the complexity of Europa's orbital variations, and a more realistic orbital evolution requires taking
into account the complexities of the interaction between Europa, Io and Ganymede. Similarly, we did not consider
variations in nonsynchronous rotation or physical libration (wobble about the sub-Jupiter point). Overall, while our
calculations do not capture all the complexity of the tidal heat release, they may provide a reasonable approximation
allowing us to assess the impact of tidal heating on the evolution of Europa's ice shell.

Second, we did not consider temperature-dependent thermal conductivity in our model. Typically, thermal
conductivity varies as the inverse of temperature. While temperature-dependent thermal conductivity has a
limited influence on the global thermal evolution, it may lead to a thicker stagnant lid (by up to ~10 km), and a
slightly lower interior temperature compared to models with constant thermal conductivity (Deschamps, 2020).
However, the impact of temperature-dependent thermal conductivity on the outer shell evolution remains overall
very limited and may not alter our main findings and conclusions.

We also did not consider the possible presence of pockets of partial melt within the ice shell. Such pockets could be
the source of surface cryo-volcanism and may occur at the base of the stagnant lid, where plumes head are spreading
(Vilella et al., 2020), and may reduce tidal dissipation and density within these regions. However, because such
reductions would be very local, they may not substantially impact the total amount of heat released, and should be
much smaller than the range of dissipated power we explored (0.6-1.2 TW), such that their effect would be
implicitly accounted for in our calculations. In addition, Vilella et al. (2020) suggested that the global heat budget
would remain largely unaffected by changes in buoyancy and viscosity caused by the presence of melt.

Our approach is a 1D approach, and thus it does not consider a possible dependence of tidal dissipation on latitude
and its associated spatial effects on the ice shell thickness. It is generally believed that tidal forces, and thus tidal
dissipation, are stronger at higher latitudes (Béhounkova et al., 2021; Ojakangas & Stevenson, 1989). However,
estimates of surface temperatures across Europa's ice shell contradict this assumption, with equatorial regions
being about 50 K warmer than high-latitude regions (Green et al., 2021). Ojakangas and Stevenson (1989)
estimated the global distribution of strain rates caused by tidal forces in Europa's shell and calculated associated
tidal heating variations with longitude and latitude, allowing for estimations of global variations in ice shell
thickness. Current observational evidence (Nimmo et al., 2007) suggests that lateral variations in Europa's ice
shell are relatively small, with thickness changes not exceeding 7 km, which is smaller than the temporal vari-
ations in our model.
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Another possible source of uncertainty is the assumption that the rheology of 7, follows a diffusion creep
mechanism and the use of a linearized temperature-dependent viscosity (Frank-Kamenetskii approximation) law
to build heat flux and interior temperature scaling Deschamps and Vilella (2021). Harel et al. (2020) considered a
composite viscosity law that includes diffusion creep, grain boundary sliding, basal slip and dislocation creep.
Their results suggested that the Frank-Kamenetskii approximation overestimates the efficiency of heat transfer by
up to 30% compared to the Arrhenius law for a diffusion creep regime, leading to higher heat flux, thicker ice shell
and thinner stagnant lid. Our estimates of Europa's ice shell thickness may thus be understood as upper bound
values, and the effect of a complex rheology should result in thinner ice shells, further reconciling geological and
modeled estimates of this thickness. Additional calculations incorporating a complex rheology are nevertheless
required to quantitatively estimate their impact.

Finally, we did not account for the presence of a layer of volatiles or gas hydrates at the base of the ice shell, as
hypothesized by Kamata et al. (2019) in the case of Pluto. Such a layer may result from the simultaneous
crystallization of water and impurities as the eutectic composition in the subsurface ocean is reached. Due to its
lowered thermal conductivity, this layer may act as a thermal insulator, preventing the crystallization of the ocean
and limiting the ice shell thickness. If such a layer is present, our estimates of the ice shell thickness may again be
seen as upper limits, and accounting for its presence would further improve the agreement between geological and
modeled estimates, or allow agreement for wider ranges of tidal power and reference viscosities.

5. Conclusions and Perspectives

Our study provides quantitative constraints on the time-dependent variations in Europa's outer ice shell properties,
including its total thickness and the thickness of its brittle upper layer. These changes are driven by variations in the
amount of tidal heating in response to changes in orbital eccentricity. Interestingly, our results, which suggest anice
shell thickness in the range of 20—45 km, are in agreement with estimates of Europa's ice shell thickness derived
from the morphology of large impact basins. Our findings may be helpful in interpreting future spacecraft ob-
servations. For instance, gravity measurements from Europa Clipper are expected to estimate the k, Love number
(Mazarico et al., 2023), which, based on our modeled ice shell thickness, should be in the range of 0.22-0.24.
Furthermore, the Europa Clipper radar experiment (Blankenship et al., 2024) will be able to detect an ice/ocean
boundary up to a depth of 30 km, which lies well within the thickness range predicted by our calculations.
Additionally, our modeling approach offers insights into the dynamic environment and potential internal structure
of other icy moons, particularly Ganymede and Callisto around Jupiter, Titan and Enceladus around Saturn, as well
as the moons of Uranus and Neptune. Extending this approach to these bodies may improve our understanding of
the geophysical processes that affect or have affected their evolution. Based on our calculations, a general
conclusion is that the presence of impurities is likely to allow the persistence of a subsurface ocean beneath the outer
ice shell, even if tidal heating is limited or absent. The thickness of the outer shell (or, equivalently, of the ocean) is,
however, controlled by the amount of tidal heating, with strong heating leading to thin ice shells (typically ~30 km
for Europa), and moderate or low heating, as in the case of Ganymede, resulting in much thicker ice shells.
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