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Europa’s structural conditions for the existence of subsurface ocean
and the absence of metallic core—driven magnetic field
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e A set of evolution models that satisfy the current Europa with an ocean

and no core-driven magnetic field are presented.

e Required conditions for the ice viscosity and the tidal heating rate to
sustain the ocean at present was found.

e Possible range of interior structure was narrowed down, compared to mod-
els based only on moment of inertia.
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Abstract

During the Galileo spacecraft’s flyby of Europa, magnetic field measurements
detected an inductive signal due to the response of Europa’s interior conductors
to temporal fluctuations in the Jovian magnetic field. In contrast, no signatures
of intrinsic magnetic field originating from the dynamo motion in the metal-
lic core were acquired. These measurements suggest that a global sub—surface
ocean containing electrolytes exists beneath the solid ice shell and that the
metallic core lacks convection. Europa’s interior is expected to be divided into
the metallic core, rocky mantle and hydrosphere based on the moment of iner-
tia factor estimated from gravity field measurements. Specifically, the thickness
of the outermost water layer is 120—170 km, and the radius of the metallic
core is 0.12—-0.43 times the surface radius. No systematic investigation of Eu-
ropa’s internal evolution has been conducted to estimate the current state of
the subsurface ocean and to explain the absence of a core dynamo field within
such uncertainty for internal structure and material properties (especially ice
properties). Herein, I performed a numerical simulation of the long—term ther-
mal evolution of Europa’s interior and investigated the temporal changes in the
ocean thickness as well as the temperature and heat flow of the metallic core.
If the ice reference viscosity is greater than 5x10'4 Pas, the sub-surface ocean
can persist even in the absence of tidal heating. In the case of a tidal heat-
ing of 10mW/m? and 20 mW/m?, the ice shell thickness is <90km if the ice
reference viscosity is > 1x10'® and 1x10'* Pas, respectively. Regardless of the
ice reference viscosity, if the tidal heating is >50mW /m?, the shell thickness
will be <40km. The thermal history of the metallic core is determined by the
hydrosphere thickness and the metallic core density, and is unaffected by varia-
tions in the ice shell (ocean) thickness. Preferred conditions for the absence of
the core dynamo include CI chondritic abundance for the long—lived radioactive
isotopes, lower initial core-mantle boundary (CMB) temperature and thicker
hydrosphere. The core may be molten without convection if the composition
is near the eutectic in a Fe-FeS alloy, or not molten (without convection) if
the composition is near the Fe or FeS endmember. Specifically, if the rocky
mantle has a CI chondritic radioisotope abundance, any core composition and
hydrosphere thickness allow the absence of the core dynamo if the initial tem-
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perature at the CMB is lower than 1,250 K. If the rocky mantle has the ordinary
chondritic radioisotope abundance, or a higher initial temperature (~1,500 K)
at the CMB, the core density lower than 6,000 kg/m? is preferred for the ab-
sence of the core dynamo. In the case of the core composition near the eutectic
one, a hydrosphere thicker than 150 km is required for the lacking core dynamo.
The lower pressure of Europa’s rocky mantle due to its thinner hydrosphere
compared with that of Ganymede may facilitate heat transfer in the mantle,
lowering its temperature and making dynamo motion more challenging.
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1. Introduction

The Jovian moon Europa is a primary target for the search of extraterres-
trial life because it is believed to have a salty ocean beneath its solid ice shell,
as inferred from the detection of a magnetic field induced in a ocean during
the Galileo spacecraft’s closest approach to Europa [39]. The only constraint
currently available on the interior structure of Europa is the moment of iner-
tia derived from gravitational measurements. The hydrosphere encompassing
the subsurface ocean and the superficial ice shell with a thickness of 200 km or
less must be separated from an inner rocky—iron component, based on measure-
ments of Europa’s gravitational field and resultant moment of inertia factor of
0.346 +0.005 [2]. Although the thickness and depth of the ocean (i.e., ice shell
thickness) are not precisely determined, geomorphological interpretation [e.g.,
50, 57] suggests that it exists several tens of kilometres beneath the surface. In
contrast, the dipole magnetic field originating from the dynamo activities in Eu-
ropa’s metallic core, such as that found on the outer moon, Ganymede, has not
been confirmed. Analysis from the moment of inertia factor suggests that Eu-
ropa’s deep interior is differentiated into a metallic core and an overlying rocky
mantle assuming that Europa underwent a hot thermal evolutions [2]. Recent
numerical model assumed that Europa accreted at low temperatures (e.g,~200
to 300 K) suggests that the metallic core formation may be delayed billions of
years after accretion [68]. It may support a recent value for the moment of
inertia factor, 0.3547 + 0.0024 based on a re—investigation of the Galileo gravity
data, suggesting that Europa may have thinner hydrosphere and lesser density
of the rocky mantle, although the uncertainty in the gravitational flattening Jo
is large [I7]. Note that no conclusive evidence for the existence of a core on
Europa has been obtained. This current internal state is the consequence of a
long—term evolution governed by a balance between internal heating and cool-
ing, which is controlled by the volume of each layer. For example, differences
in the hydrosphere thickness permitted by the moment of inertia exceed 10%
of Europa’s total volume, and the estimated volume of Europa’s metallic core
varies by a factor of 50 or more. This could have a significant impact on its ther-
mal evolution; therefore, a comprehensive numerical simulation with a diverse



range of interior structures is required to narrow down the possible evolution of
Europa. Additionally, ice ITI, a high-pressure (HP) ice phase, may form if the
hydrosphere is sufficiently thick and cold in the deepest depths. However, the
effect of ice III on Europa’s thermal evolution has not been investigated.

Another Jovian moon Ganymede has an intrinsic global magnetic field that
originated from a core dynamo activity that has not been confirmed on Europa.
Within the constraints imposed by the moment of inertia and bulk density,
the overall size of Ganymede, excluding the outer hydrosphere, i.e.; total size
of the rocky mantle and the metallic core, is estimated to be approximately
1,534-1,634 km [2], [61], which is slightly larger but similar to that of Europa.
Despite the similar proportions of rock and metallic components on both moons,
the current state of the metallic core is substantially different. It implies that
even if Europa has a metallic core, it is either not molten or is molten but not
convective at present. It is observed that Europa’s current interior is capable
of sustaining a subsurface ocean but cannot develop a core dynamo. Exploring
the possibility of such a thermal state within the uncertainty of the interior
structure is beneficial for constraining the actual interior structure and its long—
term evolutionary history.

The stability of the sub—surface ocean and the driving force of the dynamo
activity in the core is highly dependent on the thermal history and interior
structure. In a three-layered interior made of a hydrosphere, rocky mantle,
and metallic core, the rocky mantle often contains a dominant heat source,
which is the heat released from the decay of radioactive isotopes. A body
with a small and dense core overlain by a thick rocky mantle would have a
larger heat budget than a body with a large and less dense core overlain by
a thin rocky mantle. Furthermore, either or both a smaller core and thicker
hydrosphere would elevate mantle pressure, affecting the melting temperature
and, consequently, the viscosity of the mantle. All of these factors critically
control the interior thermal evolution.

Generally, the initial temperature of icy bodies shortly after accretion is not
considered to be particularly high, unlikely to reach the melting point of rock
at around 1,600K for olivine [e.g. [58]. In this case, the long-lived radioactive
isotopes in the rock would heat up the interior after the end of accretion, and the
quantity of rocks and heat transfer efficiency in that region would regulate the
resultant thermal state. Kimura et al. [37] performed numerical calculations for
the thermal history of Ganymede for various internal structures and investigated
the structural conditions yielding a thermally—driven dynamo activity in the
metallic core at present based on two conditions: the temperature at the core—
mantle boundary (CMB) must exceed the melting point of a metallic core for
an assumed composition, and the heat flux through the CMB must exceed the
heat flux conducted along the core adiabat [65, [10]. As a result, the inferred
range of the interior structure can be narrowed down, compared with the range
only based on the moment of inertia.

This study aims to constrain the conditions for Europa leading to the current
existence of a subsurface ocean through an exploratory numerical investigation
of the effects of different volumetric ratios of the layers, ice rheologies and tidal



heating rates. Another objective of this study is to confirm that the current
thermal state of Europa’s interior is compatible with a lack of dynamo activity,
and to identify the structural condition that is incapable of driving the dynamo
using numerical calculations. Here, the simulation of Europa’s thermal history
to determine the admissible range of structures that are consistent with the
current state are demonstrated.

First, the current understanding and uncertainties about Europa’s interior
structure are introduced using the moment of inertia as a reference. The frame-
work of the long—term thermal evolution model is then briefly described in Sec-
tion 2. In Section 3, typical evolutionaly scenarios are presented, and then the
potential depth and thickness of the ocean are determined based on the viscosity
of the ice, tidal heating and structural uncertainties. Additionally, the model
can determine the thermal history of the metallic core and then constrain the
core properties that lead to an absence of a core dynamo. In Section 4, several
discussions and future perspectives are provided. Finally, the main conclusions
are summarised in Section 5.

2. Methods

I performed numerical simulations of Europa’s global thermal evolution un-
der a wide range of parameter conditions to investigate the stability of the
sub—surface ocean. One of the major methods to calculate planetary thermal
evolution is a parameterised convection model, which is a dimensionless en-
ergy balance model employing a scaling law between the Nusselt number (Nu)
and the Rayleigh number (Ra). This method has a drawback of making it un-
clear which parameter values are appropriate when calculating Ra because the
thermophysical properties (e.g. the viscosity of the convective material) largely
depends on temperature and depth. Although a 3D numerical scheme is another
method that avoids this problem, their high computing costs limit the number
of calculations that may be performed. In this study, I employed a 1D method
that is devoid of the aforementioned problems. This method utilises the mixing
length theory (MLT) to estimate the convective heat flux in the sub—solidus
regime and has been applied to terrestrial planets and icy satellites in previous
studies [56] [T, 59, B7, [74, B2]. The MLT requires much lower calculation costs
because this is a 1D scheme compared with the 3D modelling. Consequently
this scheme is suitable for parameter studies. And another advantage is that all
the parameters can be determined locally, which can easily be applied to a case
whose physical properties in the convective region vary significantly with depth.
This theory is consistent with the 3D calculations with the relative errors for
the Nusselt number is less than 2% for the isoviscous case and less than 10%
for the stagnant lid case [32]. In the following sections, the interior model is
described, followed by the solved equations below.

2.1. Model for the interior structure

The moment of inertia factor of 0.346 + 0.005 for Europa derived from grav-
itational measurements by the Galileo spacecraft suggests that Europa’s inte-



rior is differentiated into a hydrosphere, rocky mantle and central metallic core
[2, 61]. Again, note that no definitive evidence for the existence of the metallic
core has been acquired, and Europa would start from an incompletely differen-
tiated state [e.g. 67 [8] [68]

Figure [1] depicts the inferred range of simple constant—density shell models
for the interior structure of Europa based on an estimate by Sohl et al. [61],
representing the relationship between the metallic core radius and the thickness
of the hydrosphere depending on the metallic core density. The reference surface
radius is assumed to be 1,565 km. The density of the hydrosphere is assumed to
be 1,050 kg/m? as an averaged value for the possible existence of HP-ice phase at
the bottom of the hydrosphere [2][61]. If the pressure in the hydrosphere exceeds
about 207 MPa and the temperature is below the melting point of 251 K, ice 111
appears in the bottom of the hydrosphere. In the structural model here, this
corresponds to a hydrosphere thickness exceeding about 165 km. Once the HP—
ice appears at the seafloor, it negatively affects the stability of the sub—surface
ocean because the heat from the rocky mantle can no longer directly heat the
sub—surface ocean. The regime represented by solid lines satisfies the observed
value of Europa’s bulk density and the moment of inertia factor. This demon-
strates that the inferred structure has a high degree of uncertainty. The core
radius ranges between approximately 180km and 680 km. It is mostly a result
of the uncertainty in the core density, which corresponds to the admissible sulfur
content range between 0 and 36.5 wt% in the Fe-FeS system. For example, the
thickness of the hydrosphere, Dp,0, at 120km and 170km accounts for 21.5%
and 29.2% of Europa’s total volume, respectively, and variation of the metallic
core radius between 180km and 680 km changes its volume by approximately
54 times. Such a considerable difference in the volume of each layer can greatly
influence the thermal history; hence, a comprehensive numerical analysis for
an inferred wide range of interior structure is useful for determining the actual
evolutional history, specifically to explore the current depth, thickness and time
variations of the sub—surface ocean, and to determine the temperature and heat
flux at the CMB that prevent a dynamo in the core.

The inferred range of the interior shown in Figure [I] is consistent with the
previous estimates [2] [61], and in particular, if the metallic core radius is small
(for example, below about 400km for a core density of 8000kg/m?® and below
about 550 km for a core density of 5,500 kg/m?), the density of the rocky mantle
exceeds the bulk density of Io, 3,526 kg/m3. Note that such high degrees of
metal enrichment are unlikely for a body accreted farther in the circum-Jovian
nebula than To [2]. Nevertheless, it is important to investigate the different
volumetric ratio between the core and the mantle on the thermal evolution,
given the lack of definitive measurements for the interior structure of Europa.
The amount of sulfur in the core is not known and depends strongly on the
primordial bulk composition and the conditions during metal-rock separation.
Estimates for sulfur amount predict both a composition more or less sulfur—rich
than the eutectic for various types of chondrites. For bulk sulfur contents of
1-2wt% in ordinary chondrites and 3-6 wt% in carbonaceous chondrites, the
metallic core that formed from chondritic precursors will contain 22-36 wt%
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Figure 1: Possible range of Europa’s metallic core radius versus the thickness of the hydro-
sphere based on the constant—density shell models for the Europa’s interior structure with an
average density of 1,050 kgm~3, depending on the core density from 5,500 to 8,000 kg/m3.
Modified from Sohl et al. (2002).
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and 6-21 wt% sulfur, respectively [e.g. 41 [46 [7]. Thus, the S=22wt% in this
study corresponds to the lowest value for the carbonaceous chondrite.

Since the model here assumes that segregation does not occur in the core
(no inner core growth), radius of the metallic core does not change with time.
In addition, the rocky mantle is assumed to did not go through a phase of
hydration and does not go through a phase of dehydration. Thus, the thickness
of the rocky mantle is fixed throughout each calculation. If Europa formed at
much colder environment, less than about 550 K for accretional temperature,
Europa might end accretion as a mixture of hydrous silicates and metal [68].
In this case, when the temperature reaches the dehydration point (~550 to
900K) due to the radiogenic heating and the tidal heating, the temperature
increase would be buffered for several hundred million years by endothermic
reactions associated with dehydration. Thereafter, the viscosity would increase
significantly as dry olivine-like composition and undergo a further temperature
increase. The maximum temperature is expected to be 100-200 K lower, making
it difficult to satisfy the melting conditions for the metallic core. Including
the possibility that the metallic formation might not be achieved, such colder
formation scenario may also be a reason in the absence of a core-driven magnetic
field on Europa.

A recent re-investigation of the Galileo gravity data yielded a higher value
for the moment of inertia of 0.3547 4+0.0024 suggesting that Europa may have
a thinner hydrosphere and a less dense interior [I7]. This effect to my work will
be discussed in Section 3]

2.2. Numerical model for thermal evolution

It is considered that convection and conduction are responsible for heat
transfer in Europa, while surface radiative heat transfer is neglected. The one—
dimensional heat transfer equation from the CMB to the surface is solved. The
model setup is described in Figure [2] The following is the general equation for
heat transfer:

dTl 1d
Pcpa = “Zar (TZFcond + T2Fconv) + pQ (1)
where p is density, C), is specific heat, T" is temperature, ¢ is time, r is radial
distance from the centre, and @ is heat production rate per unit mass. The
conductive and convective heat fluxes are given by

dT
Fcond = _k%a (2)

dT dT
Fconv = _kv -7V —\ 7= ’
{ dr ( dr >ad} (3)
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where k is thermal conductivity, and k, is effective thermal conductivity, which
emulates the effect of thermal convection. k, is expressed as follows [e.g., [, [30]:

p*Cpagt* (0T oT oT oT
—— = — | = for —< | —=—
18n ar or ) .a or or J wa

(4)
0 for C{)—T> ﬁi
or or J wa

where g is the gravitational acceleration, « is thermal expansion coefficient, and
7 is viscosity. (dT'/dr)aq is the adiabatic temperature gradient given by

dT _ agT
(dT>ad o Cp . (5)

Note that the both dT/dr and (dT/dr).q are negative; a positive convective
heat flux appears only if the temperature gradient is steeper than the adiabatic
temperature gradient. ¢ is the mixing length, a parameter governing the convec-
tive heat flux that is a function of the convective region’s depth. The detailed
deviation and explanation for the mixing length are described in Kamata [32]. £
linearly increases with depth to the peak value b until it reaches the peak depth
a, and then it decreases linearly with depth as follows:

ky=

b
—(Rtop — 1) for r>Ryop —aD

(={ a, (6)
= a(r — Rypot) for r<Ry,, —aD

where Ry and Ry,p are the radii at the bottom and top of the layer, respec-
tively; D is the thickness of the layer. The conventional MLT scheme uses
a = 0.5 and b = 0.5 [e.g. B9, [32], where ¢ is assumed to represent the distance
to the nearest boundary of the layer to reproduce a Nu ~ Ra'/? relationship
[e.g. B0 [T, 59, B7]. For the case where a layer has a large curvature, that is,
f = Ruot/Riop > 0.5, the following modifying values of a and b are well consis-
tent with the predictions obtained by the 3D calculations [32]:

a(f,7) = a2(Mf* + a1(0)f + ao(7), (
b(f,7) = b2 () f* + b1 () f + bo (), (8
as(y) = —41.2exp(—0.2977) — 0.456, (
a1 (y) = 58.6 exp(—0.2927) + 0.704, (
ag(y) = —21.0exp(—0.2907) + 0.624, (
ba(y) = 3.96 exp(—0.1677), (12
b1(7y) = —6.93 exp(—0.178), (
bo(y) = 2.90 exp(—0.1277), (



Table 1: Physical and material properties adopted in the thermal evolution calculations.

Parameter Symbol Dimensional value
Density of the liquid H2O layer Pliq 1,000 kg/m?
Specific heat of the liquid H2O layer® Chp.liq 4.2 x 10° J/Kkg
Thermal conductivity of the liquid HoO layerb kec,liq 0.566 W/m K
Thermal expansion coefficient of the liquid Ho O layerb Qlig 2.1 x 10_4/K
Density of the rocky mantle® Pm 3,300 3,800 kg/m?>
Specific heat of the rocky mantle® Cp.m 920 J/K kg
Thermal conductivity of the rocky mantle® ke,m 3.0W/mK
Thermal expansion coefficient of the rocky mantle® Qm 2.4 x 1075/K
Density of the metallic core® Pcore 5,500 — 8,000 kg m~3
Specific heat of the metallic core® Cp.ec 800 J K kg™t
Thermal conductivity of the metallic core® ke,c 5.0W/mK

Thermal expansion coefficient of the metallic core” ac 8.0x107°/K

@ Kirk and Stevenson [3§]

b Hill [22]

¢ Sohl et al. [61]

4 Buffett et al. [I1], Desai [13]
¢ Pommier [52]

f Williams [76]

2¢3AT

7 2¢oTy + c1 — o/ C% + 4COClTb’
where AT is the temperature difference across the layer, and T}, is the temper-
ature at the base of the layer. ¢y = 1.23/f!% and ¢; = E./R, where E, is
activation energy and R, is the gas constant. In the range of the possible inte-
rior structure considered here (Fig7 the hydrosphere and the rocky mantle has
an f value of 0.89-0.92 and 0.12-0.49, respectively. Thus, the modified value of
a and b described above are employed for the solid ice layers (the ice shell and
the HP-ice layer) and the conventional value (a = b = 0.5) for the rocky mantle.
The heat transfer equation is solved using a finite difference method based
on the control volume method [5I]. As the number of grids is kept constant,
the grid size is recalculated to account for changes in the ice layer thickness.

A parameterised convection theory without internal heat sources is adopted
for the sub-surface ocean. Table [I] lists the material properties that were
adopted.

The energy balance at the boundaries is evaluated to investigate the time
evolution of the boundary position between the ice layer(s) and the ocean. The
movement of these boundaries’ positions is given by

dR
ice%
where p;.. is the density of ice, L;c. is the latent heat of ice, R is the position of
the phase boundary, Fj, is incoming heat flux and F,,; is outgoing heat flux.

When an ocean is present, the temperatures at the bottom of the ice shell
and at the top of the HP—ice layer are set to the melting point of ice T},,, which

(15)

piceL = Fi - Fout7 (16)
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Table 2: Physical properties of H2O ice polymorphs adopted in the thermal evolution calcu-
lations

Parameter Symbol  Unit ice I ice 111
Density® Pice kg/m? 930 1165
Latent heat® Lice kJ/kg 284 235
Melting temperature at P=0°  T,,, K 273.2 243.6

Slope of melting temperature’ dT,,/dP 1077K/Pa —1.063 0.3597

@ Hobbs [24]
b Sotin et al. [62]

is given by

T =Ty + %P (17)
where T),, is a constant, and P is pressure (Tab. When an ocean is not
present, the temperature at the bottom of the ice shell is determined by equating
the heat flux at the base of the ice shell with that at the top of the HP—ice layer
or the rocky mantle, depending on the total thickness of the hydrosphere.

The hydrosphere is assumed to be pure HoO and devoid of any contami-
nants. The presence of contaminants in the hydrosphere, such as ammonia, can
significantly reduce the melting temperature [e.g. [43] B6], leading to a thinner
ice shell. As the ice shell thickens due to a secular cooling, the concentration
in the ocean increases, further depressing the melting point of ice. Such effect
suppresses a growth rate of the ice shell. Thickness of the ice shell at present
results in a few km to few tens of km thinner compared to the pure water case
according to an initial concentration. The effects of the presence of ammonia,
which has a large melting point depression about 90K for the concentration of
30 wt% in maximum, have been discussed in detail in previous studies [I8], [36].
However, no indications of the presence of ammonia have yet been discovered on
Europa and other Jovian moons. Remote sensing of the surface of Europa with
near-infrared instruments has suggested the presence of hydrated materials, in-
cluding sulfate salts (e.g. MgSO,). However, the melting point depression of
such salts is only 2-3 K even in eutectic composition (about 17wt%) [35], thus
I neglected this effect in this work. NaCl that has been suggested on Europa’s
surface from recent telescopic spectroscopy [70} [69] has a larger effect for a
melting point depression up to 21.1K for 23.3wt% [e.g. 42]. Although such
high concentration of NaCl has not been confirmed and calculations consider-
ing the presence of NaCl are out of scope of this study, the results of previous
studies (e.g., Grasset and Sotin, 1996; Kimura and Kamata, 2020) considering
the presence of ammonia suggest that the ice shell thickness at present becomes
thinner by several to ten kilometers depending on the concentration.

In the ice shell, temperature dependencies of physical properties are consid-
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ered. The specific heat, thermal conductivity and thermal expansion coefficient
of ice Ih are given by

Cpice = T.037T + 185.0, (18)
632.0
kc,ice = T + 0.38 — 0.00197 T, (19)
Qice = 3.0 x (25 x 1077 T — 1.25 x 1077), (20)

respectively, where the unit of T is Kelvin [24] [3].
The thermal conductivity for HP—ice (ice III) is expressed by [3] as follows:

kenp = 93.2 x T70-822, (21)

Other physical property data are highly limited and have considerably higher
uncertainties than those for ice Th. For simplicity, I used the values of ice Ih for
HP-ice, except for the density and thermal conductivity.

The viscosity of ice strongly affects the efficiency of heat transfer in the ice
shell. The ice viscosity’s large temperature dependency is well-approximated

by
E, /1 1
Nice = Nref,ice €XP |:]%g (T - Tm):| (22)

where 7;c. is the viscosity of ice, 7Mpcrice is the reference viscosity of ice and
E, = 60kJmol~! [I6]. A typical value of 7, is approximately 104 Pas [e.g.
28], which is comparable with that of terrestrial glaciers, although it can vary
largely depending on many parameters, such as grain size (Nyef ice = 10'4 Pas
is equivalent to a few tenths of a millimetre in grain diameter [4]). Thus, in
this study, 7 f.ice is a free parameter ranging between 1.0 x 10'3 and 1.0 x 107
Pas for ice Th. For the sake of simplicity and the absence of adequate data, I
assumed the same equation and parameters for HP-ice.

It should be noted that convection in the ice shell (ice I) and in the HP-ice
(ice III) layers is considered separately, even though these layers are in contact
with each other because the Clapeyron curves for the endothermic phase change
between ices I and III suggests two-layer convection rather than whole-layer
convection [6]. It is hypothesised that as the HP—ice layer melted due to the
heat from the rocky mantle, and the liquid water formed at the base of the
HP-ice layer ascended instantaneously to the top of the HP-ice layer [31], 36].

The physical properties of the rocky core, except for the viscosity, are as-
sumed to be uniform (Tab. [I). Here I modelled the rocky mantle as olivine
mantle, which is a mineral often used to characterize a planetary mantle [61],
and considered the temperature-dependent core viscosity given by

Tm roc
Nrock = nref,rock exp |:A < ’T, k>:| 9 (23)

where et rock 1s reference viscosity of the core, A is a constant and 75, rock is
the solidus temperature of the rocky mantle. I adopted 7ref,rock = 4.9 X 108 Pas,
A=23.25and T, rock = 1,600K [34, [37]. Values of A have an uncertainty (or
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Table 3: Concentration, energy production and decay constants of radioactive elements

Concentration Concentration

in CI in Ordinary Half
Chondrites® Chondrites®  Decay Energy®  Life®
C; C; H1 )\z

(ppb) (ppb) (107> W/kg)  (Myr)

28y 19.9 26.2 9.465 4468
2351 5.4 8.2 56.87 703.81
232 38.7 53.8 2.638 14,030
0K 738 1104 2.917 1277

@ Lodders [44]
b Wasson and Kallemeyn [75]

spread) among the experimental works, then another result for different values
of A will be discussed in section

The decay of long-lived radioactive isotopes 238U, 235U, 232Th and 4°K pro-
duces heat in the rocky mantle. In this study, I considered the radioactive
isotope abundances of CI chondrites [44] and ordinary chondrites [75] (Tab.[3).
The concentration in the latter is approximately 30% larger than the former,
and as a result, the ocean thickness can be 2-4 times larger as discussed in
Section The heat source term, @, in equation for the rocky mantle is
then described as follows:

Q= Z(%Hz exp (—Ait) (24)

where ¢ represents isotopes, ¢; is initial concentration, H; is heat release, and \;
is the decay constant. In this model, the radioisotope abundance is assumed to
be the concentration rate according to the CI or ordinary chondritic composition
and included in the energy equation as the heat source amount per unit mass.
A more detailed approach considering the feedback from the assumed chondritic
composition, the rock mass fraction and the radioactive amount is outside the
scope of the current work. In addition, compressibility of each layer needs to
be considered to make this model more realistic, which will be the subject of a
future study.

It is assumed that tidal dissipation is the only heat source for the ice shell and
that its rate is time independent for the simplicity. Although the tidal dissipa-
tion can actually occur at any depth, it is assumed that all the tidal dissipation
occurs at the base of the ice shell because the heating rate is highest where the
temperature is closest to the melting point [e.g. [49] [66], B2]. In this model, the
tidal heating rate, denoted as Q, is explored between 0 and 100 mW /m? which
has been estimated by assuming a Maxwell rheology [30), 66} 63].

Tidal heating in the rocky mantle is neglected here. If the rocky mantle
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is heated sufficiently to melt, even partially, through excitation of eccentric-
ity and increased tidal dissipation through the orbital resonances with Io and
Ganymede, the tidal dissipation becomes stronger, and the temperature in-
creases further [5]. Consequently, this positive feedback may lead to thermal
and melting runaways. Although such a process is outside the scope of this
paper, if it occurs before the differentiation between rock and metal, the core
formation would be promoted. If it occurs after the core formation, further
heating of the rocky mantle would make the core more susceptible to a molten
state and less likely to satisfy the cooling conditions (like as present Io does not
have a dynamo field). This could also cause for the lacking core-dynamo in the
current Europa.

2.3. Initial state and other settings

As it is difficult to constrain the timing of differentiation or any episodes of
tidal heating due to orbital resonances [60], all simulations begin with a com-
pletely differentiated structure at 4.5 Ga [38]. The core formation may occur at
later stage if Europa formed at much colder temperature [68]. Simple calculation
of the energy released upon the differentiation results in a temperature increase
of 100 ~200K, which is an order of magnitude smaller than the accretional
energy [58]. On the other hand, during the process of melting of metal, the la-
tent heat is consumed, and thus temperature variations are buffered. Although
such processes during a separation between rock and iron components has not
been investigated in detail, the energy consumption due to melting of metal
and the energy release associated with rock-metal differentiation may not have
much effect on the final state, since they act in opposing temperature changes.
Rather, the fractionation and redistribution of radioactive isotopes in the rock
during differentiation may affect the subsequent temperature state. This could
be important for future work.

The initial hydrosphere is mostly molten (1km thickness ice shell in initial)
and the primitive liquid water layer (primitive ocean) is overlying the rocky
mantle and the metallic core. The surface of the ice shell is fixed at 100 K
throughout the calculation. Temperature at the boundary between the prim-
itive ocean and the rocky mantle is set to the melting temperature of the ice
phase according to existing pressure conditions. Even in the case where the
initial hydrosphere is entirely frozen, the time evolution of the ocean thickness
after it reaches its maximum at 1.0—1.5 Gyr and the final ocean thickness are
quite similar to the case when the initial hydrosphere is entirely molten [36].
Therefore, the initial thermal condition does not affect the long-term thermal
evolution, specifically the evolution of ocean thickness.

The initial thermal structure in the rocky mantle is set to be a steady state
with the melting temperature of the ice at the top boundary and the eutectic
temperature in the Fe-FeS system (1,250K) at the bottom boundary (CMB)
because the state immediately after the core formation is assumed to be the
initial state here. This initial temperature at the CMB can be regarded as
a lower limit, whereas Hauck II et al. [2I] proposed an initial temperature of
2,000K there as the highest. Schubert et al. [58] provided the temperature
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increase of ~1,300K for accretion and 100~ 200K for differentiation. Even
if the sub—Jovian nebula was balmier, the initial temperature may not have
exceeded about 1,500K [40]. The selection of the initial temperature could
effect the resultant thermal history. Thus, additional settings with 1,500 K at
the CMB is also investigated, and the differences in the result are detailed in
Section [3l

2.4. FEvaluating the dynamo activity in the metallic core

Similar to prior research, this study employs a simple criterion for thermal
convection in the metallic core to evaluate the operation of dynamo activity
[47, 65, [37]. The mathematical formulation of core thermal evolution is based
on simple analytical models:

4 3 dIcus

gﬂ'pcorecp,cR

where T p is the temperature at the CMB. peore, Cp,c and Reore are the den-
sity, the specific heat and the radius of the metallic core, respectively. Fopyp is
the heat flux through the CMB, which is calculated from the temperature gradi-
ent at the base of the mantle. To assess the generation of thermal convection in
the metallic core, I employed the following two simple conditions. The first con-
dition is that the temperature at the CMB is higher than the melting point of the
assumed core composition, implying that the metallic core is at least partially
molten. The second condition is that the heat flux at the CMB must also be
greater than the adiabatic temperature gradient, Foqcmp = keoegTomp/Cpes
where k. is the thermal conductivity, o, is the thermal expansivity and Cj, . is
the specific heat of the metallic core [47, [65]. Values of material parameters for
the core is listed in Table|l} Note that the thermal conductivity of 5.0 Wm/K is
adopted here, and this value dramatically changes with sulfur content; 53 W/mK
for S=0wt%, 5.0 W/mK for S=20.0wt% and 3.8 W/mK for S=36.5wt% at
the pressure of the Europa’s core [76]. If the core has a larger conductivity, the
adiabatic temperature gradient becomes large and the cooling condition would
be difficult to satisfy. Compositional convection may continue even if the heat
flux of the core is less than Fiq carp, but it will cease if the heat extracted from
the core drops to zero or less (i.e. the core starts heating). Using these formu-
lations and parameters, I conducted case study on thermal history simulations
of various structures within the range depicted in Figure[l] If the results of a
particular interior structure model satisfy both the current melting and cooling
conditions, I considered this model to be a realistic approximation of Europa’s
interior.

= —4wR% . Foumsp (25)

core T

3. Results

I describe the results of my models and particularly the evolution of the
subsurface ocean and the metallic core in Europa as a function of ice refer-
ence viscosities, core and mantle sizes, tidal heating rates and concentrations of
radioisotopes.
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8.1. General trend for thermal history and ocean thickness

Figure[3] depicts the typical results for the time evolution of the ice shell
and the subsurface ocean when the radius and the density of the metallic
core are 364km and 6,500 km/m?, respectively. Tidal heating is not included
in this result. The entire thickness of the hydrosphere (Dp,o) is assumed
to be 160km, and the reference (melting point) viscosity of the ice (7,.f) is
1x10'7 Pas (Fig.h) and 5x10'* Pas (Fig.[3p). In the rocky mantle, tidal heat-
ing is not accounted for, and CI chondritic abundances for long-lived radioactive
isotopes are assumed. During its early stages, the ice shell rapidly grows, and
the solidification process continues up to approximately 0.3 Gyr in both cases
for the ice reference viscosities, when the heat loss through the ice shell balances
with the heat input from the rocky mantle. The heat from the rocky mantle
gradually increases due to the decay of radioactive isotopes, remelting the ice
shell. The rocky mantle is continuously heated by the decay energy of the ra-
dioactive isotopes up to 2.5 Gyr (Fig.7 resulting in the thickening of the ocean.
The heat flux from the mantle is particularly increased by solid-state convec-
tion occurring in the rocky mantle from approximately 1.7 Gyr, which causes
the ice shell to shrink even further. Although this convection maintains by ap-
proximately 3.0 Gyr, after 2.5 Gyr, the depletion of radioactive isotopes in the
rocky mantle and secular cooling thickens the ice shell toward the present day.
Thereafter, as the heat of the rocky mantle depletes, secular cooling thickens the
ice shell toward the present day. In case of ice with a higher reference viscosity
(Fig.), the ice shell is always conductive regardless of its thickness, whereas in
the case of lower viscosity (Fig), the ice shell is strongly convective, and the
higher rate of heat transfer through the ice shell results in a thinner ocean. The
thermal evolution of the rocky mantle is not affected by the reference viscosity
of ice.

Figure [5] demonstrates that the reference viscosity of ice predominantly de-
termines the ice—shell thickness. A greater viscosity results in a thinner ice
shell (a thicker ocean). In the case of lower viscosity, the ice shell becomes
convective, and effective heat removal causes the ocean to freeze, which is con-
sistent with previous works [e.g. [32, B3] B6]. While no ocean can form at all
for n,.y =1x10'3 Pas, it is temporally possible for the ocean to form between
2.0Gyr and 3.5 Gyr in the case of 9,.qy =1x10" Pas. It should be noted that
even in the absence of tidal heating, the subsurface ocean can be sustained
throughout history if the reference viscosity is > 5x10'* Pas, because the ice
shell is conductive resulting in a lower heat transfer rate.

Based on the admissible size range for each layer (i.e., the thickness of the
hydrosphere, Dy,0, and the core density, peore) indicated in Figure com-
prehensive calculations were performed on various interior structures. Figure[f]
depicts the final thickness (i.e. at 4.5 Gyr) of the ocean and ice shell under
various computation settings. Generally, a larger hydrosphere thickness results
in a thicker ocean. Currently, the minimal reference viscosities of ice required
to sustain the ocean at present (regardless of its thickness) are 1 x 101* Pas for
Dg,0 = 170km and 1 x 10*® Pas for Dy,o = 120 km.
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Figure 3: Examples of result for the structure of the subsurface ocean and the ice shell of
Europa as a function of radius and time. Assutfied interior structure for the radius and density
of the core is 364 km and 6,500 kg m~3, respectively. The reference (melting point) viscosity
of the ice (1.cf) are 1x10'7 Pas (a) and 5x10** Pas (b). For both models, CI chondritic
abundances for long—lived radioactive isotopes are assumed in the rocky mantle.
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Figure 4: Temperature profile changing with time of the rocky mantle for the same calculation
setup as depicted in Fig. (the radius of the metallic core is 364 km, and the entire thickness

of the hydrosphere (Dg,0) is 160 km which corresponds to the upper boundary of the mantle
of 1405 km).
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Figure 5: Time evolution of the ice—shell thickness for different ice reference viscosities
(Mres) for the same calculation setup as depicted in Fig (Mref = 1x10'7 Pas) and Fig
(5x10'* Pas). A thickness of 160 km indicates no ocean exists because Dp,0 =160 km.
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In contrast, differences in the core density have little impact on ocean thick-
ness, although differences in metallic core volume affect the amount of rocky
mantle (amount of radioactive heat source). In the admissible range, for each
value of Dy,0, a 10%—15% difference in mantle mass only impacts the current
ocean’s thickness by <10km. In all theoretical scenarios, the final thickness of
the ice shell is > 70km. There are numerous earlier studies that estimate the
thickness of the ice shell. The thickness estimates from a few kilometres to 50 km
are made using geological analyses of surface tectonic features and theoretical
models for interior thermal condition [e.g. [12], 53], 50, 25 19, [30, 48]. According
to impact crater studies, thicknesses range from 3 to 4 km [71] to 19 km [57]. In
3D numerical simulation, it suggests that the ice shell should be 50 -90 km thick
[73]. Calculating a steady-state internal heat balance considering a wide range
of possible values and uncertainties for physical properties and layer thicknesses
predicts the probability distribution of the ice—shell thickness to be 23-47 km
[26].

There is no admissible range that is consistent with previous estimates for
the typical value of the reference ice viscosity nyey = 1013 -10' Pas, as all results
for the ice—shell thickness are > 90 km for all structural parameters. This means
that another factor is needed to produce a thinner ice shell which is suitable for
previous geological and numerical estimates.

In case of a higher initial temperature of T¢prp = 1,500 K, the final thickness
of the ocean is very similar to the results in the case of Topp =1,250 K. Thus
a different initial Toasp value has no effect on the final ocean thickness.

3.2. Effect of tidal heating on ocean thickness

Figure[7] depicts the time evolution of the ice-shell thickness, including vari-
ous tidal heating values between 0 and 100 mW /m?2. Under the assumptions of
Ds,0 =160km and peore = 6,500 kg/m? (Reore = 364 km), a model with an ice—
shell thickness of 160 km suggests that the moon does not possess a sub—surface
ocean. For the tidal heating rate of 10mW/m? (Fig.[7h), the current ice-shell
thickness will be between 35 and 45 km if the 7,y is greater than 1x10® Pas,
which is consistent with the previous estimates [26]. A larger tidal heating rate
leads to a thinner ice shell. For 20mW /m? (Fig.[7b), the subsurface ocean can
be presently sustained for all values of the ice viscosities 7,.f, although for a
smaller ice viscosity of .. =10'3 Pas, the ice shell will be too thick compared
with the previous estimates. For 50 mW /m? (Fig.), the ice shell has a thick-
ness of approximately 10km excepting the case of the ice reference viscosities
of 1x10'3 Pas. The ice shell has a thickness of 5km at a maximum heating
rate of 100mW /m? for all ice reference viscosities (Fig.|7d), which implies that
a 3—4km thickness that has been previously estimated based on the impact
craters morphology [71] needs such a large tidal heating rate when the crater
was formed.

Figure[§| depicts the final ice shell thickness as a function of the ice reference
viscosity and the tidal heating rate for different interior structure values D0
and peore. Figure[Bp corresponds to the results presented in Fig.[7] In the
absence of tidal heating (Q; =0mW /m?), the 3D numerical study [73] suggests
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Figure 7: Time evolution of the ice shell thickness for different ice reference viscosi-
ties (npef) under different parameter conditions. Dp,0 =160km and pcore = 6,500 kg/m3
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Figure 8: Thickness of the ice shell at present as a function of the ice reference viscos-
ity under different tidal heating rate. Results for the case of (a) Dp,0 =160km and
Peore = 6,500 kg/m3 (Reore = 364 km, same structural settings as Fig. &D, (b) Dry0 =170km
and  pcore = 8,000 kg/m3 (Reore =178km), (c) Dg,0=120km and pcore = 8,000 kg/m3
(Reore =499km), (d) D0 =120km and peore = 5,500 kg/m3 (Reore =678 km), are shown.

that the final shell thickness is <90 km if the ice reference viscosity is more than
1x10'6 Pas. In case of the tidal heating of 10 mW/m? and 20 mW /m?, the
shell thickness is <90km if the 1,y is > 1x10'% and 1x10™ Pas, respectively.
Regardless of the 7.y, if the tidal heating is >50mW /m?, the shell thickness
will be <40km. These results are consistent with the other estimates of the
ice—shell thickness based on the current steady-state heat balance [26], and the
required rate of tidal heating is a reasonable value for the theoretical predictions
(30, 66, 63).

In the case of the smallest core (Reore =178 km) (Fig.)7 the overall trend
in the results is mostly the same as that shown in Fig.[Bp, with the exception
that the maximum shell thickness is slightly larger because the thickness of the
hydrosphere (Dp,0) is 10km larger than in the previous case. For the smallest
Dp,0 of 120km, different core sizes do not significantly affect the final ice
shell thickness (Fig. and ) In the absence of tidal heating, the difference

23

1.0E+17



in shell thickness for the various values of Dp,0 and peore is less than a few
kilometres. If the tidal heating is > 10 mW /m?2, the shell thickness is generally
the same regardless of the values of Dg,0 and peore because the heat flux from
the rocky mantle is approximately 10 mW /m?. Figure [8] demonstrates that the
ice—shell thickness is mainly controlled by the ice reference viscosity and the
tidal heating rate. It should be note that the above results are based on a
simple calculation model assuming a constant tidal heating rate. Additional
calculations incorporating the coupled thermal-orbital evolution using a more
realistic model are required for a further understanding [e.g., 29].

3.8. Effect of the radioactive isotope abundances

The ice—shell thickness is also determined by the concentration of the ra-
dioactive isotopes in the rocky mantle. Figure[d] depicts the thermal evolution
of the rocky mantle with the ordinary chondritic concentration of the long-lived
radioactive isotopes. In this case, the total amount of isotopes is approximately
30% greater than the chondritic abundance; hence the temperature and heat
flux increase in comparison to the previous results (Fig.[4)). Figure repre-
sents the evolution of ocean thickness over time using the same parameters as
depicted in Fig[5] but with ordinary chondritic abundances in the rocky man-
tle. The increased heat flux from the mantle results in a thicker ocean. In the
case of 1.y =1x10® Pas, the ocean can be temporally formed; however, for
Nref =1x10'* Pas, the thin ocean can be sustained until the present day.

Figure[lI] depicts the final thickness of the ocean and the ice shell under
computation settings with an ordinary chondritic concentration in the mantle.
A larger amount of radioactive heat source results in 15—20km thicker ocean
than in the case of CI chondritic abundances (Fig.@. Thus, the final thickness
of the ice shell is <55km for all 7. Nevertheless, n,. must be >1x10'° Pas
for the ice shell thickness to be less than the previous estimates of 90 km.

Figure[12] depicts the final thickness of the ice shell as a function of the ice
reference viscosity and the tidal heating rate for the case of Dy, =160 km and
Peore = 6,500kg/m3 (Reore = 364km), with the ordinary chondritic concentra-
tion in the rocky mantle. In the case of the tidal heating of 10 mW /m? and
20mW/m?, the shell thickness is <90km if the 7, is more than 1x10* and
2x10'3 Pas, respectively.

8.4. Capability of the core dynamo activity and conceivable constraints of the
internal structure

Figure[13]depicts the temporal change in the CMB temperature and heat flux
over 4.5 Gyr, assuming D g, = 160 km and peore = 6,500 kg/m? (Reore = 364 km).
During the early stages, after approximately 0.5 Gyr, the temperature begins to
increase due to the decay of long-lived radioactive isotopes in the mantle. The
metallic core is heated by the overlying mantle and it remains in the stable strat-
ification state in this stage. When radioactive isotopes eventually decay, which
takes a few billion years, the temperature in the deepest region of the mantle
starts decreasing (see also Fig.. The heat flux across the CMB increases as the
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Figure 9: Same as Fig. [f] but with ordinary chondritic abundances of long-lived radioactive
isotopes.
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Figure 13: Temporal changes of the temperature at the CMB (solid red curves) and heat flux
across the CMB (dashed blue curves). Thin and thick lines indicate the case for the initial
temperature at the CMB of 1,250K and 1,500 K, respectively. Dotted black lines indicate
the adiabatic heat flux defined by the temperature at the CMB (Foyp =keacgTonmp/Cp,e)-
Results for the case of Dy,0 =160km and pcore = 6,500 kg/m?3 (Reore =364km) with the
CI chondritic abundance of the radioisotopes in the rocky mantle, which is same calculation
setting as Figs. E| and

rocky mantle cools down. The core density used in this calculation corresponds
to approximately 22wt% of the sulfur content in the Fe-FeS system, and the
solidus temperature is approximately 1,390 K. The metallic core may currently
be at least partially molten as the temperature at the CMB may be higher than
the solidus at both latter stages and the present for both initial conditions. In
contrast, the heat flux across the CMB cannot exceed the adiabatic heat flux,
and thus the thermal convection cannot be driven even if the core is molten.
Therefore, I considered that this structure satisfies the melting condition but
not the cooling condition, and the current core is incapable of generating an ac-
tive dynamo, which is consistent with the absence of the intrinsic magnetic field
originating from the core. As a result, this interior structure can be considered
as a candidate of the current conditions of Europa.

Comprehensive calculations were performed on various interior structures
to explore the optimal condition for a dynamo at the CMB within 4.5 Gyr.
Figure[14] represents the temperature at the CMB (a and c¢) and the heat flux

29

Heat Flow through the CMB (mW/m2)



across the CMB (b and d) after 4.5 Gyr for initial temperatures at the CMB
of 1,250K and 1,500 K. A smaller core results in a higher temperature at the
CMB because of a larger amount of the radioactive heat sources in the mantle.
In contrast, a larger core results in a lower temperature at the CMB and a
greater heat flux across the CMB. In the case of a larger core, the heat flux
across the CMB depends on the size of the core (heat capacity). In the case of
a smaller core, a thinner hydrosphere (thicker rocky mantle and a large amount
of radiogenic heat source) leads to greater heat flux across the CMB. For higher
initial temperatures, the thickness of the hydrosphere determines the cooling
efficiency of the core. If the temperature and heat flux for a certain interior
structure, i.e. specific combination of Dg,0, Reore and peore, can exceed the
solidus and the adiabatic flux, then such a structure can be considered to satisfy
the melting and cooling conditions, respectively. If both conditions are satisfied,
such a structure is capable of driving the dynamo activity (thermal convection)
in the metallic core.

The diagram of structural settings relating to the condition for dynamo
activity in the core is depicted in Figure[l5l It illustrates the combination of
structural parameters that can satisfy the heating condition (current CMB tem-
perature can exceed the solidus for the assumed core density) and the cooling
condition (current heat flux across the CMB can exceed the adiabatic flux).
The specific region which satisfies both conditions is identified as the dynamo
Regime. The solidus temperature is higher when the bulk core composition is
close to the end members of the Fe—FeS system, making it difficult to satisfy the
melting condition in all cases. Therefore, the dynamo regime also varies with
variations in the core’s sulfur content. For an initial Toprp =1,250 K with CI
chondritic abundances (Fig.), there is no dynamo regime region within the
range of the interior structure. The structural range where the cooling condition
can be satisfied increases for a higher initial temperature of T =1,500 K,
and the dynamo regime can be observed (Fig.). According to the expected
sulfur amount in the core from the bulk CI chondritic composition, a higher
density (smaller sulfur amount) core is unlikely [7]. In the case of ordinary
chondritic abundances (Fig. and d), the dynamo regime can also emerge re-
gardless of the initial temperature. The metallic core should be smaller, closer
to the endmembers of the Fe-FeS system in composition, have a lower initial
temperature, have a thicker hydrosphere and have lower radioactive isotope
abundances in order for there to be no trace of dynamo activity in the current
Europa. It should be noted that a lower density (larger sulfur amount) core
is unlikely according to the expected sulfur amount in the core from the bulk
ordinary chondritic composition [7].

4. Discussions

4.1. Effect of compositional convection

In this study, only thermal convection is considered for the dynamics of Eu-
ropa’s metallic core of Europa. In the terrestrial case, cooling and solidification
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of the liquid core results in the growth of the inner core, followed by the induc-
tion of convection in the outer core. This process serves as an energy source for
the generation of the intrinsic magnetic field, as well as the thermal convection.
Depending on the thermal state, Europa’s core may segregate into an outer and
an inner core, and bulk sulfur content will determine the composition and struc-
ture within the core. The eutectic temperature of the Fe—FeS system decreases
with increasing pressure up to 14 GPa [I5], while the pressure range in Europa’s
core is between 3 and 4 GPa and 6 GPa, depending on the core density and size.
The sulfur content at the eutectic decreases with increasing pressure.

Denser iron (Fe) will sink if the sulfur content is lower than the eutectic
composition. Fe snow forms at the CMB as the core cools, after which Fe sinks
and the sulfur content increases. A higher sulfur content reduces the liquidus,
which causes Fe to remelt in a deeper region and cause chemical convection.
A solid Fe inner core will eventually form as sinking Fe approaches the centre
[10]. According to Hauck II et al. [2I]; and Zhan and Schubert [77], the dissi-
pated power by Fe snow is sufficient to drive a dynamo. However, Bland et al.
[9] pointed out that compositional convection is constrained by the latent heat
that is quickly released from the area surrounding the CMB. Riickriemen et al.
[54] suggested that the remelting of Fe below the snow zone and the release of
buoyancy produce convection which may drive the dynamo. All of these stud-
ies assume a hot start, mantle and core initial temperatures of approximately
2,000K, and search conditions to maintain an initially activated dynamo until
the present day.

If the higher sulfur content exceeds the eutectic composition, the solid outer
core will be composed of the lighter FeS. However, such sulfur-rich side of the
eutectic has received less attention. It remains to be seen whether sufficient
power can be generated for a dynamo in this scenario, which is beyond the
scope of this study.

At least melting conditions need to be satisfied even for compositional con-
vection (core crystallisation). However, even if the cooling heat flux does not
exceed the adiabatic heat flux, the crystallisation and associated compositional
convection may occur depending on the core composition. In this respect, the
cooling conditions in this study are a stringent criterion, and the core solidi-
fication could extend the dynamo regime (i.e. the cooling condition could be
easily satisfied). The cooling rate controls the crystallisation rate. This study
does not consider the core crystallisation because of the lack of observational
information and constraints for the presence of structure in the core. However,
if such information becomes available in the future, the cooling conditions could
be constrained more strictly.

4.2. Effect of the rock rheology

For the diffusion creep rheology for the rocky mantle which is assumed in this
work, various values of A in the equation in range between 21.0 and 26.5
have been suggested in the previous experimental works [34] 23]. As a references,
for T = 1,000 K, 0yoer, = 1.9%10%23 Pass for A = 21.0, 9.0c, = 7.0x10%4 Pass for
A = 23.25 (regarded as a typical value here) and 7,.ocx = 1.3x10%” Pas for A =
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Figure 16: Same as Fig but with different values of rock viscosity, A = 21.0 (left), and
A = 26.5 (right).

26.5. Figure [16] shows the thermal evolution of the rocky mantle in the case
of A=21.0 and 26.5. Because of the different dependence of viscosity on the
temperature, the deeper region of the rocky mantle is about 200 K lower and
higher for A=21.0 and 26.5, respectively, compared with the typical value of
A=23.25 shown in Figure4. Alternatively, near the upper boundary of the
mantle, the temperature profile is almost similar and the difference of the heat
flux at the surface of the mantle among A values is small, therefore the difference
of the resulting ice-shell thickness at present is only <2km.

4.3. Effect of a higher value for the moment of inertia factor of Europa

A recent re-investigation of the Galileo gravity data yielded a higher value
for the moment of inertia factor, 0.3547 + 0.0024, suggesting that Europa may
have a thinner hydrosphere [I7]. Figure represents the possible range of
constant-density shell models for the Europa’s interior. The thickness of the
hydrosphere is approximately 30-40km thinner, and the density of the rocky
mantle is smaller than previous estimates as Gomez Casajus et al. [I7] suggested,
if Europa has a 3-layered (hydrosphere, rocky mantle, and metallic core) struc-
ture. The size of the metallic core is almost similar to former estimates shown
in Figure[I] based on the previous value of the moment of inertia of 0.346. The
thickness of the mantle is larger according to the thinner hydrosphere, so that
the difference in the overall mass of the mantle is only a few weight per cent.
Therefore, the thermal evolution of the mantle and the core is not likely to
change much. Alternatively, since the hydrosphere is thinner than previously
estimated, the lifetime of the ocean is expected to be about 1 Gyr shorter, even
if the heat from the mantle and the melting point viscosity of the ice are similar.
Detailed quantitative evaluation is useful for future work.
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4.4. Perspective for future spacecraft missions

In 2030, Europa Clipper will flyby to Europa carrying multiple scientific
instruments to reveal the surface, interior and surrounding environment [e.g. [27].
Because of multiple flybys including high latitude passes, the Europa Clipper
will determine Jo and Cas independently (without an assumption for hydrostatic
equilibrium). Detectability of 1% departure from hydrostatic behavior would
bring 10 times more accurate than the recent estimate by Gomez Casajus et al.
[17], and would narrow the space of possible metallic core radius and bulk rock
density [45]. The gravity signal at long wavelengths is likely to reflect effects
from the ocean-rock interface, and gravity anomalies arising from the sea-floor
will be compensated at longer wavelengths by the rocky mantle. Assuming that
this compensation and thus the magnitude of gravity anomalies that the Europa
Clipper may detect can be related to the heat flow from the rocky mantle, we
might distinguish between the radiogenic heat and the tidal heating depending
on rock strength [14]. Although a measurement of the tidal potential Love
number ko with a small uncertainty (0.014—0.018) can provide one constraint on
Europa’s shell thickness and rigidity, the tradeoff between the shell thickness and
rigidity will remain. Thus, even if the Europa Clipper measures the displacement
Love number hs, its uncertainty will be greater than ko, making it difficult to
determine the ice—shell thickness [45].

Europa Clipper Magnetometer (ECM) determines the direction and strength
of an induced field for at least two frequencies with a precision of +1.5nT, and
reinvestigates the presence or the absence of the core-driven field. ECM mea-
sures variations at the orbital (85.2h, ~20nT) and second harmonic of the
synodic period (5.6h, ~20nT) are expected to reveal a unique combination of
ice shell thickness, ocean thickness, and ocean conductivity that fits the data
[55]. Additionally, the conductivity of the ocean will be inferred from ECM and
PIMS observations [72]. In an idealized case, a combination of measurements
of the static gravity (moment of inertia), tidal Love number, magnetic induc-
tion field and radar penetration provides full characterisation of the ice shell,
which allow the mean ice—shell thickness, the thickness of the sub—surface ocean
and the conductivity of the ocean to be determined independently with error
bars of 4+ 30km for the ocean, + 5km for the ice shell [55]. REASON sounding
measurements would constrain the ice—shell thickness although thick (> several
tens of km) shell could not be directly sensed. Combining digital terrain model,
estimation of the elastic thickness the ice shell would be allowed. Since the elas-
tic strength depends on the temperature structure of the ice shell, additional
assumptions about the thermal state or direct measurement of the surface ther-
mal state by E-THEMIS (Europa THermal EMission Imaging System) lead to
further constraints on the ice-shell thickness [55].

Furthermore, a lander mission could take place in the future [20]. Seismic
investigations can determine the depth of the ocean from the time delay between
ocean multiples in the primary wave coda of teleseismic Europa quakes with a
magnitude of 3 that can be expected to occur between once per week and once
per month [64].
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5. Summary

A numerical simulation of Europa’s interior thermal history was performed
to investigate the temporal change of the ocean thickness and to determine the
permissible range where the core dynamo cannot be generated at present. The
ice reference viscosity, tidal heating rate and radioactive isotope abundance in
the rocky mantle all play major roles in determining the thickness of the ice
shell. The thickness of the hydrosphere and the metallic core density have no
bearing on the thickness of the ocean. If the ice shell has a large viscosity,
and particularly, if the ice reference viscosity, 1.y is > 5x10' Pas, the sub-
surface ocean can persist even in the absence of tidal heating. However such
resulting ocean thickness is considerably thin, and the ice shell thickness is sig-
nificantly greater than that estimated by previous geologic analyses. Assuming
tidal heating of 10mW /m? and 20 mW /m?, the ice shell thickness is <90 km
if the s is > 1x10'® and 1x10'* Pas, respectively. Regardless of the value of
Nref, if the tidal heating is > 50 mW /m?, the shell thickness is <40km. This
thickness is consistent with the previous estimates by geological and numerical
approaches. For ordinary chondritic abundances of the radioactive isotopes in
the rocky mantle, the larger amount of heat source in the rocky mantle leads to a
thicker ocean (a thinner ice shell) compared with the CI chondritic abundances.
In particular, for the tidal heating of 10mW/m? and 20 mW /m?, the ice shell
thickness is <90km if the 7, is > 1x10'* and 2x10'3 Pas, respectively.

Additionally, further analyses were conducted on the permissible range of the
interior structure (hydrosphere thickness, metallic core density and radius) that
lead to the absence of the core dynamo. As a result, the inferred range of interior
structure was narrowed down, compared with that range only based on the mo-
ment of inertia. For the absence of a core dynamo, a lower initial temperature,
smaller amount of heat source and a core composition closer to the endmember
for the Fe-FeS system is preferred. For example, if the rocky mantle has a CI
chondritic abundances of radioactive isotopes, any core composition and hydro-
sphere thickness allows the absence of the core dynamo if the initial temperature
at the CMB is lower than 1,250 K. For the case of an initial CMB temperature
of 1,500K, a core density higher than 7,000kg/m? (S < 15wt%) or lower than
6,000 kg/m?3 (S>29wt%) is preferred, or the hydrosphere thicker than 145km
for the core composition closer to the eutectic one is suitable. According to the
expected sulfur amount in the core from the bulk CI chondritic composition,
a lower density (larger sulfur amount) core is preferred. If the rocky mantle
has the ordinary chondritic radioactive abundances, a core density higher than
7,000 kg/m? (S <15wt%) or lower than 5,800 kg/m? (S >32wt%) is preferred,
or the hydrosphere thicker than 150 km for the core composition closer to the
eutectic one is required for the absence of the core dynamo regardless of the
initial CMB temperature. According to the expected sulfur amount in the core
from the bulk ordinary chondritic composition, a higher density (smaller sulfur
amount) core is preferred. The lower pressure of Europa’s rocky mantle due to
its thinner hydrosphere compared with that of Ganymede may facilitate heat
transfer in the mantle, lowering its temperature and making dynamo motion
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more challenging.
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