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Abstract Several bodies in the outer solar system are believed to host liquid water oceans underneath

their icy surfaces. Knowledge of the hydrosphere properties is essential for understanding and assessing their
habitability. We introduce a methodology based on Bayesian inference that enables a robust characterization

of the hydrosphere through the combination of gravity and magnetic induction data. The interior models
retrieved are consistent with the geophysical observations, leading to probability distributions for the relevant
interior properties. We apply this joint inversion approach to constrain Europa's hydrosphere with gravity and
magnetic field measurements acquired by the Galileo mission. Our results indicate that the combination of
these datasets allows simultaneous constraints on the ice shell and ocean thickness, enhancing our knowledge of
the hydrosphere structure. This methodology is valuable for synergistic interior science investigations of several
missions in development or in planning, including Europa Clipper, JUICE and the Uranus Orbiter and Probe.

Plain Language Summary The outer solar system has several moons with icy surfaces that may
hide oceans of liquid water beneath them. Studying these oceans is important for assessing whether these
worlds can harbor life. We have developed a novel technique to study these potentially habitable oceans by
combining measurements of the gravity and magnetic fields of these icy moons. We use a statistical method

to generate models of the moon's interior that are consistent with the available gravity and magnetic field
measurements. By applying this method to measurements of Jupiter's moon, Europa, we show that it can
provide robust estimates of the thicknesses of the moon's ice shell and the subsurface ocean. This new technique
will be useful for studying the interior of Europa and other icy moons with the data acquired by future missions,
such as Europa Clipper, JUICE, and the Uranus Orbiter and Probe.

1. Introduction

Icy moons are prime targets in programs of space exploration because of the potential habitability of their subsur-
face oceans. Available data confirm the existence of liquid oceans for several moons of Jupiter and Saturn.
Induced magnetic fields detected by the magnetometer onboard Galileo at Europa (Khurana et al., 1998; Kivelson
et al., 2000) and possibly Callisto (Khurana et al., 1998) provide evidence of salty water layers at depth. Avail-
able magnetic measurements and auroral observations for Ganymede are consistent with induction in a subsur-
face ocean, but the interpretation is complicated by the presence of an internal permanent dynamo (Kivelson
et al., 2002; Saur et al., 2015). Because the induced magnetic field amplitude and phase are functions of the
ocean thickness and conductivity, and the ice shell thickness, induction data can be analyzed to characterize the
hydrosphere of icy moons. The analysis of the induction signature in the magnetic field measurements is therefore
a powerful technique for sounding the interior of icy moons. Additional constraints on the interior can be derived
from gravity measurements. The analysis of radio tracking data has provided the mass and moment of inertia
(Mol) of icy moons, including Europa (Anderson et al., 1998; Gomez Casajus et al., 2021), Ganymede (Anderson
et al., 1996; Gomez Casajus et al., 2022) and Titan (Durante et al., 2019; Iess et al., 2010), that constrain the
moons' density structures (e.g., Kuskov & Kronrod, 2005; Sohl et al., 2002).

Inversions based on gravity data only, however, are degenerate because of the similar density between ice and
water. Single-frequency magnetic induction measurements, on the other hand, preclude unambiguous charac-
terization of the hydrosphere properties because of the trade-off between the ocean depth, ocean conductivity
and ice thickness in determining the induction response. An independent analysis of these measurement types
is thus insufficient to characterize the ice shell and the ocean, resulting in large uncertainties in the hydrosphere
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structure (e.g., Anderson et al., 1998; Zimmer et al., 2000). Combining the two datasets is therefore key to
improve the interior structure inversion.

We present a technique for the characterization of icy moon interiors based on Bayesian inference and the joint
inversion of gravity and magnetic induction measurements. The resulting interior models are consistent with
the combined observations. The relevant interior properties are treated as free parameters and varied randomly
to generate probability distributions for the value of each property. This methodology is applied to the interior
structure of Europa by analyzing available gravity and magnetic induction data acquired by the Galileo mission
(i.e., Schilling et al., 2004; Gomez Casajus et al., 2021).

2. Data and Methods

Our inversion methodology is based on a Markov-chain Monte Carlo (MCMC) algorithm (e.g., Genova
et al., 2019; Matsuyama et al., 2016; Ruesch et al., 2019). We build upon the method previously applied to the
inversion of Mercury's interior from gravity data by Genova et al. (2019). Biersteker et al. (2023) developed a
novel methodology for the inversion of multi-frequency magnetic induction measurements based on Bayesian
inference. These authors applied it to synthetic data for the Europa Clipper Magnetometer, showing its potential
for retrieving the hydrosphere properties. Our approach is new because we self-consistently handle both gravity
and magnetic induction models. In this way, we estimate the interior properties by generating models in simul-
taneous agreement with gravity and magnetic field observations. We apply this technique to the inversion of
Europa's interior from available gravity and magnetic induction data acquired by Galileo.

2.1. Gravity Data

Measurements of Europa's static gravity field from the analysis of Galileo radio science data yields the moon's
mass and Mol, which yield estimates of the hydrosphere thickness: mass M = 4.79982 + 0.00062 x 10?? kg,
normalized Mol C/MR? = 0.346 + 0.005 (Anderson et al., 1998). A recent reanalysis of the Galileo data provided
a significantly higher Mol: C/MR? = 0.3547 + 0.0024 (Gomez Casajus et al., 2021). We adopt the latter value in
our analysis to study the interior of Europa. We also carried out further analyses by assuming the Mol reported
by Anderson et al. (1998) to test and validate our method.

2.2. Magnetic Induction Data

The induced magnetic field of Europa can be used to constrain the radii of the ocean—-mantle and ocean—ice
interfaces, and the ocean electrical conductivity. The magnetic field sensed by Europa oscillates in the frame of
the moon, primarily at Jupiter's rotation rate relative to the moon (the “synodic” period; Seufert et al., 2011). The
field also oscillates at Europa's orbital period due to the orbital eccentricity and inclination and to the day-night
and dawn-dusk asymmetries of the magnetosphere. In response, electrical currents are induced in the conductive
ocean, generating an induced magnetic field. The induction response is sensitive to the radial distance of the
ocean boundaries from the moon's center of mass and dissolved salt content. The magnetic field near Europa was
measured during most flybys of the Galileo spacecraft. An induction amplitude of A = 0.97 + 0.02 was derived by
fitting an induced magnetic dipole moment to the data acquired during four flybys (Schilling et al., 2004), where
A = 1.0 is equivalent to a perfect conductor with a radius equal to Europa's. This near-perfect induction response
was obtained by using simplified models for the magnetospheric plasma and driving field. Given the smaller
magnitude of the driving field variations at Europa's orbital period and the limited amount of data available, the
only contribution to the driving field was assumed to be at the synodic frequency. In subsequent work, Hand and
Chyba (2007) noted that such a high induction amplitude is difficult to reconcile with thermodynamic models that
balance radiogenic heating in the mantle, tidal heat generation in the ice shell, and the heat radiated to space from
the surface, which are consistent with ~20-30 km thick shell (Howell, 2021; Hussmann et al., 2002; Ojakangas
& Stevenson, 1989; Tobie et al., 2005). As noted by Hand and Chyba (2007), an ice thickness consistent with
expectations (>20-30 km) requires A < 0.92. Therefore, we consider models with A = 0.97 + 0.02 and this
lower value for comparison (A = 0.92 + 0.02). The formal uncertainty reported by Schilling et al. (2004) may be
optimistic because it assumes that measurement errors are negligible. However, errors arising from mismodeling
of plasma interactions may increase this uncertainty. We then also consider models consistent with 3 times the
quoted uncertainty.
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Table 1

Free Parameters Explored in the Markov-Chain Monte Carlo Inversion of

the Interior Structure

2.3. Interior Structure Modeling

Most of the models applied to interpret gravity and induction response meas-

urements are based on a two- or three-layer structure (Anderson et al., 1998;

Farameten Units Step Range Gomez Casajus et al., 2021; Hand & Chyba, 2007). Our modeling is based
Core radius r, km 25 0-1,0002> on a four-layer, fully differentiated Europa, accounting for a metallic core, a
Core density p,,,, kg m™3 50 5,150-8,000° rocky mantle, an ocean, and an ice shell. Our parameter space includes the
Dl o ), kg m™> 25 2.500-4,500%b< density and thickness of each layer (Table 1), except for the density of the ice
i layer, assumed to be equal to pure water ice (917 kg m~3; Fukusako, 1990),

Ocean thickness d, ., km 5 0-200¢ . . . . .
while the radial extent of the mantle is derived from the total body radius R
Ocean density Poesn kgm™ 5 1,000-1,300 and the thicknesses of the other layers. All the free parameters are explored
Ice shell thickness d.., km 25 0-200° in order to generate interior models that match the observed mass, Mol and

Note. The parameter space is bounded to prevent the generation of physically induction amplitude. Each parameter is randomly initialized by the MCMC
inconsistent models. Electrical conductivity is derived from the ocean density ~ algorithm and perturbed within certain bounds that prevent the generation of

by assuming different chemical compositions. physically inconsistent models (Table 1).
2Anderson et al. (1998). PKuskov and Kronrod (2005). ‘Gomez Casajus
etal. (2021). YHand and Chyba (2007). “Howell (2021). All the models are spherically symmetric, enabling an evaluation of gravity

and induction parameters from analytic expressions. The mass M and Mol C
are computed as:

3
4
M = gfr;m(r;ll ). Q)
8 3
C= Ef;;pi(rf+1 -r), )

where p;, is the density of the ith layer, r, are the radii of the interfaces between the different layers and r,
is equal to zero. The induced magnetic field is modeled by assuming that the ice shell and deep interior are
non-conductive, and the ocean is uniformly conducting with conductivity o (e.g., Zimmer et al., 2000). As noted
by Zimmer et al. (2000), the ice is assumed to be non-conductive because its conductivity is greater than ~10
mS/m only if it contains a substantial amount of melt. Similarly, the conductivity of the mantle rocks is low (on
the order of ~10 mS/m as measured for the Earth's mantle; Parkinson, 1983) and it does not significantly affect
the induction response (Hand & Chyba, 2007; Zimmer et al., 2000). Although the electrical conductivity of an
iron core may be several orders of magnitude higher than the ocean conductivity (~1.5 X 10% S/m measured at
Earth's core conditions; Pozzo et al., 2012), the core is expected to produce a very small induction signature at the
synodic frequency (<1% for the range of Europa's ocean thickness resulting from the cases analyzed in this study,
i.e., >70 km; Seufert et al., 2011). This small contribution occurs due to the attenuation of the driving signal as it
propagates through the ocean, and the further attenuation of the induced signal as it propagates back.

The induced magnetic field can be described by the amplitude A and phase delay ¢ of the induced field with
respect to the response that characterizes a perfectly conducting sphere with the moon's radius R (1560.8 km).
These parameters are computed as (e.g., Vance et al., 2021):

Ae_f‘t _ ( Focean )3 j2(k"munlle)yZ(kroceun) - jZ(kroceun)yZ(krmumle)

- - s 3
R J()(kroccan)yZ(krmam]e) - ]2(krmam]e)y()(kruceun) ( )

k = \iou,o C)]

where j, , y, are the spherical Bessel functions of first and second kind of order m; r, is the radius of the

ocean

ice~ocean interface, and 7, .

the spherical Bessel functions (Styczinski et al., 2022) rather than on the standard Bessel functions (e.g., Hand

is the radius of the rocky mantle—ocean interface. This formulation is based on

& Chyba, 2007; Zimmer et al., 2000). The wavenumber £ is related to the penetration depth of the magnetic field
inside the conducting ocean and depends on its electrical conductivity ¢ and on the angular frequency of oscilla-
tion of the driving field w. Refer to Text S1 in Supporting Information S1 for further details on the forms of k£ and
Equation 3. Although the frequency spectrum of the Jupiter's driving field contains the frequencies associated
with the synodic and orbital periods, their harmonics, and beats between these, we only focus on the synodic
period (11.23 hr) as it is the only one considered in published constraints by Schilling et al. (2004).
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To model the induced magnetic field, we compute the ocean conductivity and salinity from the ocean density,
which is a free parameter in our modeling, by using published experimental data for an assumed composition. A
broad range of compositions has been suggested for Europa's ocean, including a seawater composition with mainly
NaCl (Zolotov & Shock, 2001), an ocean dominated by MgSO, (Hand & Chyba, 2007; Kargel et al., 2000), and
compositions accounting for a significant presence of carbonates (Castillo-Rogez et al., 2022). To better under-
stand the effects of the ocean modeling on our inversion, we modeled each of these three compositions. Available
experimental data on the relationships between density, salinity, and conductivity are obtained from the literature
for the ocean models composed of seawater (Equation 9 from Poisson (1980) and Equations 5a—5c from Millero
et al. (2008) evaluated at T = 0°C), MgSO, (Equation 2 and Figure 1 from Hand and Chyba (2007) and Figure 1
and Table 1 from Abdulagatov et al. (2007)) and the carbonate-rich composition (Supplementary Material from
Castillo-Rogez et al. (2022)). We use the experimental curves provided in these studies to compute the salinity
and conductivity for each density and model the magnetic induction amplitude.

2.4. Inversion Methodology

Our methodology is based on a MCMC algorithm (e.g., Genova et al., 2019; Ruesch et al., 2019) that estimates
the properties of the interior by generating models that are consistent with the gravity and magnetic field obser-
vations. We explore a large parameter space with the Metropolis—Hastings algorithm (Hastings, 1970; Metropolis
et al., 1953). We generate interior models in chains, starting with a random model and randomly sampling the
parameter space. As the results may depend on the selection of the initial model, we generate 30 distinct chains. The
initial model of each chain is selected by sampling the prior distributions, which are assumed to be uniform distri-
butions for each parameter across the ranges provided in Table 1. The draws are independent, leading to a different
starting point for each chain. The proposal distributions for the properties of interest are assumed to be Gaussian,
with a mean of zero and a standard deviation (called “step” in Table 1) adjusted to thoroughly explore the parameter
space. The burn-in of each chain (i.e., number of models discarded at the beginning of each chain to avoid biases in
the final distributions) is set to 10,000. The convergence of the chains is tested with the Gelman—Rubin statistics by
using a threshold of 1.01 for the potential scale reduction factor (PSRF; Gelman and Rubin (1992)). We terminate
the chains when 50,000 models per chain are accepted, yielding a satisfactory PSRF for all the observations. The
average acceptance fraction ranges from 3% to 5% of the evaluated models for all the chains.

The results presented below are reported in terms of central value (the mode of the distribution) and 68% credible
intervals. The credible intervals are determined through the highest posterior density method, which selects the short-
est possible interval in which the parameter falls with a certain probability (e.g., ~68% or 1-standard-deviation level).

3. Results

Previous inferences of Europa's hydrosphere from gravity data, assuming a three-layer structure, yielded a
hydrosphere thickness from 80 to 170 km (Anderson et al., 1998). The analysis by Gomez Casajus et al. (2021)
constrained two-layer models of Europa with the updated Mol, yielding a hydrosphere 138.7 + 7.7 km thick. We
validate our methodology by constraining the interior of Europa with the mass and Mol provided by both studies
and comparing the derived hydrosphere thickness. We derive a hydrosphere thickness of 1601’;2 km based on our
four-layer models and the Mol by Anderson et al. (1998). Models using the more recent Mol by Gomez Casajus
et al. (2021) result in a hydrosphere 136f:$ km thick. This latter estimate is consistent with that derived for the
two-layer model by Gomez Casajus et al. (2021). Our uncertainties are larger because we adjust a larger number
of parameters that accounts for correlations between the layer properties. This correlation leads to a more robust
assessment of the uncertainties on the derived quantities by yielding a probability density function for each
adjusted parameter. The study by Anderson et al. (1998) is based on a parametric analysis of end-member models

that accounts for rock densities between 3,000 kg m~ and ~3,800 kg m~3

, suggesting a hydrosphere thickness
range of 80-170 km. By exploring a broader parameter space compared to previous studies, including rock
densities up to 4,500 kg m~3, thicker hydrospheres are expected as confirmed by our results. Figure 1 and Figure
S1 in Supporting Information S1 show the histograms of the hydrosphere thickness obtained by constraining the

modeling with the Mol by Gomez Casajus et al. (2021) and by Anderson et al. (1998), respectively.

Since the Mol is not significantly sensitive to the relatively low density contrast between ice (~917 kg m~3)
and water (~1,000 kg m~3), the properties of the ice shell and the ocean cannot be disentangled with gravity
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Figure 1. Histogram of the hydrosphere thickness that we retrieve by constraining our inversion only with gravity data from
Gomez Casajus et al. (2021). The resulting thickness is 136“:;: km, consistent with previous inferences by Gomez Casajus
et al. (2021), represented by the gray shaded area.

measurements only. The inversion based on single-frequency magnetic induction data only is also degenerate
because of the trade-offs between the ice thickness, ocean depth, and conductivity in determining the induction
response. Our approach allows us to break this degeneracy by generating interior models that are simultaneously
consistent with the gravity and magnetic induction observations. This is illustrated here through the combina-
tion of the mass and Mol retrieved by Gomez Casajus et al. (2021) with the induction amplitude estimated by
Schilling et al. (2004). As shown in Figure 2, while inversions based solely on gravity (Figure 2a) or magnetic
induction (Figure 2b) measurements cannot separately constrain the properties of the ice shell and the ocean, our
joint inversion simultaneously constrains the thicknesses of both layers (Figure 2¢). The majority of the resulting
models are characterized by a thin shell and a deep ocean. The thickness of the ice layer is estimated to be 4j§ km
and the ocean depth is 1332 i km. Our estimate of the ice thickness is consistent with the value obtained by Hand
and Chyba (2007), who constrained Europa's interior with the induction amplitude by Schilling et al. (2004) and
showed that it requires an ice thickness of ~4 km. This finding disagrees with expectations from thermal models,
which suggest a ~20-30 km thick shell (Howell, 2021; Ojakangas & Stevenson, 1989). This discrepancy is
likely due to the high induction amplitude (Schilling et al., 2004), which was derived by assuming that the only
contributions from magnetospheric plasma is due to the Alfvén wing currents. Factoring in plasma contributions
in a more detailed model would affect the induction amplitude. Additionally, accounting for contributions from
Jupiter's driving field at multiple frequencies may affect the derived induction amplitude. To produce an ice thick-
ness consistent with predictions from thermal modeling (>20-30 km), the induction amplitude cannot be greater
than A = 0.92 as suggested by Hand and Chyba (2007). We show the effects of a lower estimate by applying our
methodology to this value in Figure S2 of Supporting Information S1. We derive a shell thickness of 24*_1; km.
The corresponding ocean depth is lllfg(') km. We performed additional analyses to account for possible errors in
the formal uncertainty reported by Schilling et al. (2004). We analyzed cases with A = 0.97 + 0.06 (Figure S3
gkm, respectively)
and with A = 0.92 + 0.06 (Figure S4 in Supporting Information S1, the derived ice and ocean thicknesses are

2 .
24f27 km and 105:’12S km, respectively).

in Supporting Information S1, the derived ice and ocean thicknesses are 437 km and 1233

The results shown in Figure 2 are based on the assumption of a seawater composition for Europa's ocean. The
assumed type of salts dissolved in the ocean influences the derived structure of the hydrosphere by determining
the ocean electrical conductivity. We tested the effects of the assumed ocean composition on the inversion of
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Figure 2. Histograms for ocean and ice shell thicknesses obtained through (a) inversion of gravity data only from

Gomez Casajus et al. (2021), (b) inversion of magnetic induction data only from Schilling et al. (2004), (c) joint inversion
of gravity and magnetic induction data. In this example, the ocean is assumed to be composed of seawater. The combination
of static gravity and magnetic induction measurements enables a better characterization of the hydrosphere by separately
constraining the ice and ocean thicknesses.

the interior structure by modeling three different salts. Table 2 compares the ice thickness and ocean depth and
conductivity obtained through our joint inversion with the different compositions.

For the case with the high induction amplitude the sensitivity to the ocean composition is negligible because the
differences in the derived hydrosphere structure are well below the computed uncertainties. This is mainly due to
the small range of ice thicknesses consistent with an induction response approaching that of a perfect conductor
(see Figure S5 in Supporting Information S1). The resulting range of ocean conductivity derives from the high
value of the amplitude, which requires values near saturation as discussed below. In the case with A = 0.92, the
solutions obtained with different types of salts are still consistent within 1o, but the differences among them are
larger.

4. Discussion

Our approach is well-suited for a statistical study of the consistency among the different types of measurements
used as constraints (e.g., Goossens et al., 2022). To validate our analysis, we compare the predictions of the

Table 2
Ice Thickness and Ocean Depth and Electrical Conductivity Derived by Assuming Different Chemical Compositions for the
Ocean and Different Values of the Induction Amplitude (A = 0.97 £ 0.02 by Schilling et al. (2004) and A = 0.92 + 0.02)

Seawater MgSO, Carbonates

A =097 +0.02 Ice thickness (km) 478 317 37
21 21 2
Ocean depth (km) 13343, 13443 1363

Ocean conductivity (S/m) 17t} 6*) 6"

A=092+0.02 Ice thickness (km) Pz 144! 204)?

-12

Ocean depth (km) 11172 1192 1144

Ocean conductivity (S/m) 164] 4+ 5t
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Figure 3. Posterior distributions of the moment of inertia (Mol) and induction amplitude generated by our methodology.
The observations are the Mol from Gomez Casajus et al. (2021) with (a) A = 0.97 + 0.02 (Schilling et al., 2004) and (b)
A=0092+0.02.

observations from the posteriors estimated by the MCMC with the probability distributions of the observations,
which are assumed to be Gaussian. We obtain the probability distribution for mass, Mol, and induction amplitude
by computing the mean and standard deviation of their distributions resulting from the MCMC. In Figure 3, we
compare the estimated distributions and the observations for the Mol from Gomez Casajus et al. (2021) with the
induction amplitude from Schilling et al. (2004) (Figure 3a), and the same Mol with a lower amplitude (A = 0.92,
Figure 3b). Each point in the figure represents a draw from the MCMC. The observations ellipse (black line) is
centered on the observed value, and its axes are defined by the measurement uncertainty. The estimated posterior
ellipse (red line) center and axes are determined by the computed mean and standard deviation of the poste-
rior distributions, respectively. Although all the models are consistent with the measurements in both cases, the
solution with the high induction amplitude (A = 0.97 + 0.02) shows a significant bias with respect to the obser-
vations since models with A > 0.98 are only obtained with extremely high electrical conductivity (i.e., ¢ > 100
S/m for an ice thickness of 5 km; ocean thickness of 131 km to match the hydrosphere thickness prescribed by
gravity data, Figure 1). In our models the upper limit on the electrical conductivity is set by salt saturation, which
occurs for ~304 gnaci/kgn,o for seawater and ~282 gugso, /kgu,o for MgSO,, corresponding to ~18 S/m and
~6 S/m, respectively (Hand & Chyba, 2007). For solutions of carbonates, sodium carbonate is the most soluble
but reaches saturation for a concentration of 70 g/L at 0°C and about 110 g/L at 5°C (Kobe & Sheehy, 1948),
which corresponds to conductivity of about ~3.5 S/m and ~6 S/m, respectively. Warmer mean temperatures are
not expected in ocean worlds (e.g., Kang, 2022). Figure S5 in Supporting Information S1 shows how the satu-
ration affects the maximum value of the induction amplitude. The conductivity values at saturation for the three
compositions that we modeled are much lower than the conductivity that enables an induction amplitude greater
than 0.98. We note that, in addition to the limits given by the compositional constraints that we introduced, the
probability distribution of the induction amplitude (A = 0.97 + 0.02) implies that our MCMC should map values
of the amplitude greater than 1, which are unphysical in our induction modeling. On the other hand, the lower
induction amplitude A = 0.92 does not require very high electrical conductivity (i.e., ~4 S/m for a 20 km thick
ice shell), and the inversion algorithm is able to better map the parameter space and reproduce the observations,
showing that a lower value is both more aligned with thermal constraints and consistent with a broad range of
plausible compositions.

Although available data do not constrain the ocean composition, future observations will help in disentangling
the effects of the different types of salts on the data to distinguish between different ocean models. The tidal Love

PETRICCA ET AL.

7of 10

858017 SUOWIWOD SAIEaID 3(qedl|dde auy Aq pauienob a8 S9joie VO ‘88N JO S3IN1 10} ARIq1T 8UIUO A8]IM UO (SO IPUOD-pUe-SWLBH W00 A3 1M ARIq U1 |UO//STNY) SUORIPUOD pue swie | 8y} 89S *[202/20/ST] uo AriqiTauliuo A3|IM ‘ezusides e ewoy 1 A1seAIuN Aq 9TOYOT 19€202/620T OT/I0p/wod A8 Are.q i putuo'sgndnBe//sdny wouy pspeojumoq ‘LT ‘€202 ‘L008YY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL104016

Acknowledgments

F.P. and A.G. acknowledge funding
from the Italian Space Agency (ASI)
under contract 2021-19-HH.0. M.J.S.
was supported by an appointment to the
NASA Postdoctoral Program at the Jet
Propulsion Laboratory, California Insti-
tute of Technology, administered by Oak
Ridge Associated Universities under a

contract with NASA (80OHQTR21CA005).

The contributions from J.C.-R., M.I.S.,
CJ.C., and S.D.V. were carried out at
the Jet Propulsion Laboratory, California
Institute of Technology, under a contract
with NASA (80NMO0018D0004).

numbers describe the response of the moon's interior structure to the tides exerted by the central planet, and show
a large sensitivity to the ocean's density (e.g., Mitri et al., 2014). Integrating these measurements into the analysis
will provide constraints on the ocean's density. Additionally, including multi-frequency induction measurements
will constrain the ocean's electrical conductivity (e.g., Khurana et al., 2002; Vance et al., 2021). Combining these
measurements and linking them through compositional constraints will be key to inferring the ocean's chemical
composition.

5. Summary

We developed a technique for the inversion of icy moon interior structures based on the combination of gravity
and magnetic field measurements and we applied it to data acquired by the Galileo mission during its flybys of
Europa. We showed that this technique can disentangle the properties of the ice shell from those of the ocean,
improving the characterization of icy moon hydrospheres. The methodology developed in this work provides a
framework for analyzing and interpreting measurements that will be collected by future missions, leveraging
synergies between different instruments and investigations. The Europa Clipper and JUICE missions are each
expected to arrive in the Jupiter system in the 2030s, and will measure the gravity and magnetic fields of Europa,
Ganymede, and Callisto. In addition to the mass, Mol, and induced magnetic field, these missions will provide
observations of other geophysical parameters that can be integrated in our methodology. The tidal Love number
k, will be measured for the three moons (Cappuccio et al., 2020, 2022; Mazarico et al., 2023) and will provide
independent constraints on the density and rheological structure of the hydrosphere. The tidal Love number h,
that quantifies the radial deformations will be measured with radar or laser altimeters at Europa (Steinbriigge
et al., 2018) and Ganymede (Steinbriigge et al., 2015), providing complementary information to k,. The combi-
nation of k, and k, is sensitive to the ice thickness (Wahr et al., 2006), further constraining the properties of the
hydrosphere. Our method can also be extended by accounting for the amplitude parameters and the phase delay
of the magnetic induction response at multiple frequencies, including those associated with the second harmonic
of the synodic frequency and with the orbital frequency (e.g., Biersteker et al., 2023). Combining these future
measurements self-consistently with compositional constraints through accurate experimental data will be funda-
mental in identifying the ocean's composition and unraveling the secrets of icy moon interior structures and
composition.

Data Availability Statement

Input for the modeling and measurements of the geophysical parameters are taken from Anderson et al. (1998);
Schilling et al. (2004); Gomez Casajus et al. (2021). The code used to generate the models is based on Genova
et al. (2019).
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