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A B S T R A C T

Io’s spectacular volcanic activity involves strong tidal dissipation in its interior. Magnetic induction measure-
ments and surface observations of the volcanic activity indicate the presence of significant melt in the interior,
but the melt distribution remains unconstrained. Tidal deformation of a planetary body is strongly related to
the rheological properties of the interior, and thus, to a larger extent, to the melt content. The amplitude of
tidal deformation may be monitored by future missions from spacecraft tracking, altimetry and high-resolution
imaging, giving access to the potential and displacement Love numbers 𝑘2, ℎ2 and 𝑙2. To anticipate such
measurements, we compute the tidal response described by both shear and bulk viscoelastic rheology for
various rheological properties and distributions of melt within Io’s interior. We show that the distribution
of tidal heating between the mantle and the asthenosphere is very sensitive to the assumed melt fraction in
the asthenosphere. For melt fraction smaller that a critical value called rheological critical melt fraction (𝜙𝑐),
corresponding to a transition from solid-dominated behavior to liquid-dominated one, the dissipation is mostly
occurring in the mantle. For this mantle-dominated regime, a viscosity of the solid rock matrix smaller than
1017–1018 Pa s is required to reproduce the estimated heat output (ranging between 65 and 125 TW). For melt
fraction slightly above 𝜙𝑐 , dissipation mostly occurs in the asthenosphere, resulting in a radical change of
dissipation pattern characterized by a reduction of polar contribution. Despite this clear transition, changes
in terms of Love numbers 𝑘2, ℎ2 and 𝑙2 are subtle and would require high precision measurements. 𝑘2 is only
slightly sensitive to the melt distribution and is mainly sensitive to the density of the metallic core, with a
Love number potentially as high as 0.1 for a low density core and below 0.06 for a high density core. ℎ2 and
especially 𝑙2 are more sensitive to the melt distribution, with a clear distinction between mantle-dominated and
asthenosphere-dominated regimes, difference that is amplified by the contribution of bulk viscoelastic response.
The combined detection of high ℎ2 (> 0.2) and 𝑙2 (> 0.07) values and a low 𝑘2 (< 0.1) would be confirmation
that bulk dissipation plays a crucial role in the heat budget of Io and will provide constraints on the thickness
(< 100 km) and melt fraction (> 𝜙𝑐) of the partially molten asthenosphere. Accurate determination of Love
numbers, combined with libration and magnetic induction measurement may provide crucial constraints on
the melt profile in Io’s interior.
1. Introduction

The volcanically active moon of Jupiter, Io, emits a spectacular
amount of volcanic plumes and lavas, corresponding to an average heat
flux estimated to be of the order of 2.5 W/m2 (e.g. Veeder et al., 1994;
Lainey et al., 2009). This means surface heat flux is almost thirty times
larger than the one estimated for the Earth (Turcotte and Schubert,
2002). However, in contrast to terrestrial planets with recent or active
silicate volcanism, Io’s present heat output cannot be explained by
radiogenic sources and remnant cooling, but requires an additional
source, most likely extreme dissipation of tidal energy owing to its
relatively close distance to Jupiter (e.g. Peale et al., 1979; Segatz et al.,
1988; Ross et al., 1990; Beuthe, 2013; Bierson and Nimmo, 2016;
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Steinke et al., 2020a). The heat production rate, estimated to more
than 100 times the radiogenic heat rate, is sufficient to melt portions of
Io’s interior, feeding hundreds of continually erupting volcanoes (e.g.
Lopes-Gautier et al., 1999; Lopes et al., 2004; Davies et al., 2015;
Cantrall et al., 2018; Mura et al., 2020).

While the idea of substantial melting in Io’s mantle is broadly con-
sistent with the interpretation of several observations, the localization
of melt production in the interior and the way it is redistributed to
the surface remains debated and poorly constrained. High eruption
temperatures of Io’s silicate volcanism indicate that the interior, at least
the upper mantle beneath the crust, is largely molten (Keszthelyi et al.,
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019-1035/© 2021 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.icarus.2021.114737
Received 3 June 2021; Received in revised form 16 September 2021; Accepted 4 O
ctober 2021

http://www.elsevier.com/locate/icarus
http://www.elsevier.com/locate/icarus
mailto:mathilde.kervazo@univ-nantes.fr
https://doi.org/10.1016/j.icarus.2021.114737
https://doi.org/10.1016/j.icarus.2021.114737
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2021.114737&domain=pdf


Icarus 373 (2022) 114737M. Kervazo et al.

b
e
f
H
m
i
a
i
z
u

t
s
m
e
v
M
e
c
o
m
c
s
t
o
2
a
a
(
b
s
p
B
t
i
R

s
d
2
s
o
t
f
S
l
c
m
s
H
a
D
S
a
a
C
(
n

e
t

t
c
g
t
f
d
a
2
p
c
f
T
i
t
T
b
p
ℎ

2

2

2

t
s
i
a
d
m
M
p
m
i
e
b
r
c

2

h
u
d
d
(
t
T
F
T
o
o
s
t
i
t

b
a
r
t

1999, 2004), with melt fraction estimated to about 20%–30% (Keszthe-
lyi et al., 2007). High concentration of melts below Io’s near surface
is also consistent with models describing the release of interior heat
via melt extraction (Moore, 2003; Bierson and Nimmo, 2016; Steinke
et al., 2020a; Spencer et al., 2020), but a deep melt source cannot
be ruled out (e.g Monnereau and Dubuffet, 2002). Furthermore, the
presence of a high melt fraction (∼20–30%) layer has been argued to
e consistent with Galileo magnetic induction measurements (Khurana
t al., 2011), although the measured perturbations could also result
rom plasma interactions with the atmosphere (Blöcker et al., 2018).
igher melt fractions (>30%) and the possible existence of a fully liquid
agma ocean cannot be ruled out with the available Galileo magnetic

nduction measurements but seems to be at odds with the phase of the
uroral spot oscillations (Roth et al., 2017). In summary, even if there
s some kind of consensus regarding the existence of a partially molten
one in Io’s interior, the depth and extent of this zone still remains
nconstrained.

The total amount of heat produced by tidal friction and its distribu-
ion in the interior is intimately linked to the structure and thermal
tate of Io’s interior, especially the distribution of temperature and
elt fraction (Bierson and Nimmo, 2016; Steinke et al., 2020a; Kervazo

t al., 2021). The presence of melts is expected to strongly impact the
iscoelastic properties of rocks (e.g. Budiansky and O’connell, 1976;
avko, 1980; Takei, 1998; Hirth and Kohlstedt, 1995a,b; Kohlstedt

t al., 2000; Scott and Kohlstedt, 2006), and, in return, the amplifi-
ation of tidal heating in molten areas can create a positive feedback
n melt generation. Describing the mechanical response of partially
olten rocks for a wide range of melt fraction is thus essential to

orrectly describe the tidal friction in Io’s hot interior. Most of previous
tudies varied the elastic and viscous properties of the mantle and of
he partially molten layer in an arbitrary manner in order to match the
bserved heat output (e.g. Segatz et al., 1988; Renaud and Henning,
018; Steinke et al., 2020a). To our knowledge, the only models
ccounting for the combined evolution of elastic and viscous properties
s a function of melt fraction were proposed by Bierson and Nimmo
2016) and Kervazo et al. (2021). In the latter study, we showed that
ulk dissipation, neglected in all previous studies on Io, can contribute
ignificantly to the tidal heat budget and impact the tidal heating
attern, especially when a thin and highly molten layer is considered.
eyond Io, better understanding the link between melt production and
idal dissipation has implications for the early history of rocky planets
n our solar system and in extrasolar systems (e.g Moore et al., 2017;
enaud and Henning, 2018).

Clues to the nature of tidal dissipation inside Io have long been
ought from surface heat fluxes (Veeder et al., 2012) and volcano
istributions (Ross et al., 1990; Kirchoff et al., 2011; Hamilton et al.,
013; Rathbun et al., 2018), an exploration complicated by the tran-
ient nature of volcanic events as well as the apparent dearth of polar
bservations (Rathbun et al., 2018; Mura et al., 2020). Lithospheric
hickness and topography have also been proposed as useful proxy
or long-timescale heat flux (Ross et al., 1990; Steinke et al., 2020a;
pencer et al., 2021). Such observations provide some insights on the
ateral variations of heat production and mechanical properties, but
annot be used to really constrain the internal structure. A comple-
entary way to access key information about the average internal

tructure of planetary bodies is the measurement of libration (Van
oolst et al., 2020) and tidal deformation from spacecraft tracking,
ltimetry and high-resolution imaging (e.g. Mazarico et al., 2015;
umoulin et al., 2017; Steinbrügge et al., 2018; Park et al., 2020).
uch measurements allow the determination of the Love numbers 𝑘2, ℎ2
nd 𝑙2, which quantify the gravitational potential and the surface radial
nd horizontal displacement associated to tidal motions, respectively.
oncept of future missions dedicated to Io, as the ’Io Volcano Observer’
IVO) (McEwen et al., 2019), one of the Discovery finalists, although
2

ot selected by NASA, may provide the first estimate of these quantities, e
ssential to better understand how heat and magma is generated and
ransported to the surface.

In this context, the goal of the present study is to compute the
idal response of Io’s interior for various distributions of internal melt
onsistent with the estimated heat output and to predict the expected
ravimetric, altimetric and geodetic signatures and heat flow pattern
hat might be compared to future measurements. A coherent melt pro-
ile between the subsurface partially molten layer and the underlying
eep mantle is considered following petrological and two-phase flow
rguments (Moore, 2001; Keszthelyi et al., 2007; Bierson and Nimmo,
016; Spencer et al., 2020). We vary the melt fraction from a few
ercent melt fraction to values just above the so-called rheological
ritical melt fraction (>20–30%). This corresponds to a sharp transition
rom the solid-dominated behavior to the liquid-dominated behavior.
he rheological parameterization developed by Kervazo et al. (2021)

s used to consistently take into account the role of melt fraction on
he elastic and viscous parameters of Io’s partially molten interior.
he computation of the tidal response described by both shear and
ulk viscoelastic rheology is performed for a wide range of internal
arameters and is analyzed in terms of predicted tidal Love number 𝑘2,
2 and 𝑙2 as well as in terms of polar heat flux and heat flow patterns.

. Method

.1. Rheological model and properties of Io’s interior

.1.1. Existing geophysical constraints
The main observational constraints about Io’s interior come from

he gravity measurements (Anderson et al., 2001), magnetic induction
ignals (Khurana et al., 2011) as well as heat budget assessment from
nfrared remote sensing (e.g. Veeder et al., 1994; Spencer et al., 2000)
nd astrometric measurements (Lainey et al., 2009). Galileo gravity
ata put relatively good constraints on the mean density (3527.8 kg
−3) and the moment of inertia (0.37685, Anderson et al., 2001).
agnetic induction signals (Khurana et al., 2011) are consistent with a

artially molten layer beneath the crust, but do not really constrain its
elt content or depth. Based on various estimates, the average heat flux

s evaluated to 2.24 ± 0.45 W m−2 (e.g. Veeder et al., 1994; Spencer
t al., 2000; Lainey et al., 2009), corresponding to a total power ranging
etween 65 and 125 TW. In the following we choose 100 TW as a
eference value and consider a range between 65 and 125 TW when
omputing the total heat production in Io’s interior (Table 1).

.1.2. Interior model parameters
Based on geophysical constraints, the interior model considered

ere consists of (from surface to center) a silicate crust, a melt-rich
pper mantle layer, called asthenosphere hereafter, a melt-poor silicate
eep mantle and a liquid metallic core (Fig. 1a). For simplicity, the
ensity of each layer is assumed to be uniform. In the reference model
Table 1), we set the crustal thickness to 30 km (also corresponding to
he asthenospheric depth in our model) with a density of 3000 kg/m3.
he core density is set to 5165 kg m−3, corresponding to an eutectic Fe-
eS core composition (e.g. Segatz et al., 1988; Anderson et al., 1996).
his assumption results in a core radius of 955 km and a mantle density
f 3263 kg/m3 in order to satisfy the average density and moment
f inertia. To assess the sensitivity of tidal deformation to internal
tructure parameters, we explore values as large as 90 km for the crustal
hickness and 8000 kg/m3 for the core density, corresponding to a pure
ron core. For the dense core end-member, the size of the core reduces
o 665 km.

All internal layers (except the liquid iron core) are assumed to
ehave as viscoelastic solid media at tidal frequencies. To take into
ccount the effect of melt on the viscoelastic response, a specific
heological model including the description of melt, inspired from
he law proposed by Costa et al. (2009), is considered (see Kervazo

t al., 2021, and further described in Section 2.1.3). To account for
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the unknown composition and thermal state of Io’s silicate mantle, we
consider viscosity values 𝜂sol for the solid rock matrix ranging from 1016

to 1020 Pa s. A viscosity of the mantle as low as 1016 Pa s is chosen as
a lower bound, allowing to produce 100 TW in Io’s interior without
invoking the presence of partial melt in our model. We note that recent
work shows a drastic drop in viscosity when a very small amount of
melt is present in silicate rocks (Holtzman, 2016). It is therefore wise
to study the effect of a very low viscosity in a mantle as hot as that
of Io. For the reference value, we choose the typical value expected
for the solid-state viscosity for dry olivine-dominated rocks near their
melting point, 1019 Pa s (e.g. Karato and Wu, 1993), and consider a
value of 1020 Pa s, as an upper bound. For the reference model, we
choose a value of the reference shear modulus 𝜇mant = 60 GPa, justified
for olivine (Tan et al., 2001; Jackson and Faul, 2010). Based on these
experimental studies, the shear modulus of olivine is assumed to range
typically between 50 and 70 GPa (Table 1).

We divide the crust into a top rigid crust (with a shear modulus
𝜇crust = 65 GPa and a high viscosity 𝜂crust= 1023 Pa s) above a less
rigid and less viscous crust which rheological properties are those of
the mantle (that is 𝜇mant and 𝜂sol). The thickness of the elastic part of
the crust is set to 2/3 of the total crustal thickness, in an arbitrary
manner. Sensitivity tests showed that the relative thickness of the
elastic/viscoelastic parts of the crust has a negligible influence on the
results reported hereafter. The bulk modulus 𝐾 for the crust, mantle
and core is set to 200 GPa. Note that the effect of temperature and
pressure change with depth on the silicate bulk modulus is only mod-
erate: values typically range between 150 and 250 GPa for Io’ s mantle
pressure conditions (e.g. Jackson, 1998). Varying the bulk modulus of
the solid phase has a negligible effect on the results (Kervazo et al.,
2021) and therefore a single value of 𝐾 = 200 GPa is considered for
both the crust and the mantle. The iron core is assumed to be fully
liquid and inviscid, and therefore its shear modulus and viscosity are
set to zero.

2.1.3. Melt-based rheological model
We consider that the whole mantle (either the deep mantle or

the asthenosphere) can undergo partial melting, in agreement with
the simulations of Spencer et al. (2020). Their study of Io’s internal
dynamics in a two-phase flow framework showed that a higher melt
fraction region, corresponding to a decompaction boundary layer owing
to maximal liquid pressure beneath the crust, is expected to surmount
a deeper mantle with less melt present. Compared to their simulations,
our assumed melt profiles are simplified, with melt fraction considered
uniform in the two distinct layers corresponding to the asthenosphere
and the rest of the mantle underneath (Fig. 1b). Melt fractions are
referred to 𝜙ast and 𝜙mant respectively, with 𝜙mant related to 𝜙ast by
a factor typically ranging between 1/10 (in magenta, Fig. 1b) and
1/3 (in black, Fig. 1b) following the results of Spencer et al. (2020).
While magnetic induction measurements as well as petrological indices
favor significant amounts of near-surface melting (about 20%–30%,
e.g. Keszthelyi et al., 2007; Khurana et al., 2011), the amount of melt in
the deep mantle is not constrained. We therefore investigate a relatively
large range for 𝜙ast (from 0 to 35%, Table 1) and vary the mantle
melt fraction according to the asthenospheric melt fraction. We set the
thickness of the melt-rich asthenosphere to 100 km in our reference
model, and vary it from 50 to 200 km (Table 1) which is in the range
of what is commonly assumed in the literature for this layer (e.g. Segatz
et al., 1988; Khurana et al., 2011; Steinke et al., 2020a).

We developed a synthetic law, inspired from the melt-based viscos-
ity law of Costa et al. (2009), to account for the melt dependence of
elastic shear and bulk moduli, and shear and bulk viscosity, consistent
with existing experimental and theoretical constraints (Fig. 1c, see
Kervazo et al., 2021, for more details).

The rheological law is the following:

∙(𝜙) = ∙𝑙
1 + 𝛩𝛿

, (1)
3

[1 − 𝐹 (𝛩, 𝜉, 𝛾)]𝐵(1−𝜙∗) w
Table 1
Explored range of parameters.

Notation Reference value Explored rangea

Heat budget (TW) 𝑃glob 100 65–125
Asthenosphere thickness (km) 𝑏ast 100 50–200
Asthenosphere depth (km) 𝑑ast 30 30–90
Core size (km) 𝑅core 955 665–955
Core density (kg/m3) 𝜌core 5165 5165–8000
Mantle viscosity (Pa s) 𝜂sol 1019 1016–1020
Shear modulus (Pa) 𝜇mant 60 50–70
Asthenospheric melt fraction (%) 𝜙ast 10–35
Melt fraction ratio 𝜙mant∕𝜙ast 1/3 1/10–1/3

aSee the text for the corresponding references.

where rheological parameter ∙ is either the shear viscosity 𝜂, the
hear modulus 𝜇 or the bulk modulus 𝐾. Two auxiliary functions are
ntroduced:

= (1 − 𝜙)∕(1 − 𝜙∗), (2)

= (1 − 𝜉) erf

[
√

𝜋
2(1 − 𝜉)

𝛩(1 + 𝛩𝛾 )

]

. (3)

Besides parameter 𝐵, the Einstein coefficient (set to 2.5), all other
parameters are tuned to reproduce the available constraints on the
specific rheological parameter, from the solid-state endmember ∙𝑠 to the
fully liquid state endmember ∙𝑙. The values of 𝛿, 𝜉, 𝛾 and 𝜙∗ also depend
on the specific rheological parameters considered. These are listed in
Table 2. For the bulk viscosity, the simplified relationship 𝜁 = 𝜂

𝜙 is
onsidered (see Kervazo et al., 2021, for more details).

This formulation allows us to predict both viscous and elastic prop-
rties on the entire range of melt fraction, below or above the critical
elt fraction, 𝜙𝑐 , using a single expression. The latter reproduces the

heological transition associated with a sharp decrease from the solid
ehavior to the liquid behavior (e.g. Renner et al., 2000). For 𝜙 < 𝜙𝑐 ,
he parameters used in the rheological law (Eq. (1)) have been derived
o reproduce experimental and theoretical constraints published in the
iterature on the viscous and elastic properties of terrestrial partially
olten rocks (see Kervazo et al., 2021, Appendix A). The formulation

f Costa et al. (2009) was derived to reproduce the shear viscosity drop
ccurring at elevated melt fraction, which is relatively well documented
n the literature. For shear and bulk elastic moduli as well as bulk
iscosity, for which no experimental constraints exist at elevated melt
raction, we assume the same kind of behavior when 𝜙 > 𝜙𝑐 . Note that
n Costa et al. (2009) the viscosity is given as a function of solid volume
raction (𝜙𝑆 ), while here we use the melt fraction (𝜙𝑆 = 1−𝜙). In Table

of Kervazo et al. (2021), the last parameter was incorrectly labeled
∗, whereas it should read (1 − 𝜙∗).

In this approach, the rheological parameters, 𝜇,𝐾, 𝜂, 𝜁 are consid-
red as the effective parameters of the melt-rock mixture, and the
iscoelastic deformation of this mixture is treated as a single media.
his does not consider dissipation associated with differential motions
etween the liquid melt and the solid matrix, usually called melt squirt.
fficient dissipation due to this process is expected to occur when the
luid phase oscillates in the solid matrix at very high frequencies, sev-
ral orders of magnitude larger than tidal frequencies (e.g. Hammond
nd Humphreys, 2000; Faul et al., 2004; Carcione and Gurevich, 2011).

The rheological critical melt fraction 𝜙𝑐 is set to 30% (red lines
n Figs. 1b and c). This value marks the transition between the solid-
ominated behavior and the liquid-dominated behavior. The assumed
alue of 𝜙𝑐 has no significant effect on the results, what matters
s the considered value of the melt fraction relative to this critical
alue (Kervazo et al., 2021), i.e. whether the melt fraction is above or
elow 𝜙𝑐 . In the following, the results will thus be presented relative to
ast∕𝜙𝑐 . In the context of the present study, focused on solid-body tides,

e consider melt fractions up to 𝜙𝑐 and slightly above in order to mimic
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Table 2
Parameter values employed for the various rheological parameters (Eqs. (1)–(3)).

𝜂 𝜇 𝐾

∙𝑠 1016–1020 Pa s 50–70 GPa 200 GPa
∙𝑙 1 Pa s 10 Pa 1 GPa
𝛿 25.7 2.10 2.62
𝜉 1.5 × 10−7 − 2.3 × 10−10 6.39 × 10−7–8 × 10−7 0.102
𝛾 5 5 5
1 − 𝜙∗ 0.569 0.597 0.712

the significant drop in strength, covering the whole range of mantle
and asthenospheric partial melting needed to match Io’s heat budget.
We note that what we call asthenosphere here is a layer substantially
less viscous than the deeper regions (and that the asthenosphere of the
Earth) but still considerably more viscous than a fully liquid magma
ocean.

2.2. Computation of viscoelastic tidal deformation

The viscoelastic deformation of Io under the action of periodic tidal
forces is computed following the method of Tobie et al. (2005), adapted
to the particular case of Io where the viscoelastic response accounts
for shear and bulk dissipative processes in partially molten layers
in Kervazo et al. (2021). The only difference relative to the approach
of Tobie et al. (2005) is the consideration of a non-zero imaginary
part for the complex bulk modulus, related to a bulk viscosity using
a Maxwell viscoelastic model (see Kervazo et al., 2021, for details).

Using the density profile and rheological properties described in
Section 2.1, the Poisson equation and the equation of motions are
solved for small perturbations in the frequency domain assuming a
compressible viscoelastic media using the problem formulation based
on radial functions as defined by Takeuchi and Saito (1972) for the
equivalent elastic problem.

The complex Love numbers, 𝑘2, ℎ2 and 𝑙2, characterizing the poten-
tial perturbation and surface radial and tangential displacements, re-
spectively, are computed by integrating the radial functions associated
with the radial and tangential displacements (𝑦1 and 𝑦3, respectively),
the radial and tangential stresses (𝑦2 and 𝑦4), and the gravitational
potential (𝑦5), as defined by Takeuchi and Saito (1972) and adapted to
the viscoelastic case (Tobie et al., 2005; Kervazo et al., 2021). The full
set of equations, the boundary conditions (center, liquid–solid interface,
surface) as well as the numerical scheme to solve them in detail are
provided in the appendix of Kervazo et al. (2021).

Following the approach proposed in Kervazo et al. (2021), two
different viscoelastic models are used for the solid layers depending
on the degree of partial melting. For partially molten rocks with high
melt fraction (>20%), the estimated Maxwell time approaches Io’s tidal
period. A Maxwell model thus provides reasonable estimate of the
dissipation rate when partial melting occurs, which we consider. In our
previous study, we showed that bulk dissipation becomes significant
for melt fraction exceeding the critical melt fraction and must be
consistently considered when computing the tidal response. In this case,
both bulk and shear components of the viscous and elastic parameters
(respectively shear and bulk viscosity 𝜂 and 𝜁 and shear and bulk

odulus 𝜇 and 𝐾), affected by the presence of melt (see Section 2.1.3),
re taken into account when computing tidal deformation. In our
odel, this applies to the asthenosphere.

For rocks with low to moderate melt fraction (𝜙 < 20%), bulk
issipation becomes negligible, but shear dissipation using the Maxwell
odel is underestimated. We thus use the more appropriate Andrade
odel (Castillo-Rogez et al., 2011; Efroimsky, 2012; Bierson and
immo, 2016) for which the magnitude and time decay of anelastic
eformation is described by the shear modulus, 𝜇, the shear viscosity
and two parameters 𝛼 and 𝛽, characterizing the transient viscoelastic
4

esponse. The typical value of the parameter 𝛼 required to explain the
factor of the Earth’s mantle (Ray et al., 2001) is estimated between
.23 and 0.28 (Tobie et al., 2019). Varying the Andrade parameter
from 0.2 to 0.3 has only a small effect for viscosity values ranging

etween 1016 and 1020 Pa s, we therefore consider a single value for
𝛼 set to 0.3 for all calculations shown hereafter. Following Castillo-
Rogez et al. (2011), we assume that 𝛽 ≃ 𝜇𝛼−1𝜂−𝛼 , which is justified for
olivine minerals (Tan et al., 2001; Jackson et al., 2002). The Andrade
parameter 𝛽 is automatically varied as the melt fraction varies because
of its dependency on 𝜇 and 𝜂. Typical values range between 5.7 × 10−14

nd 7.2 × 10−12, in agreement with Jackson et al. (2004). In our model,
he Andrade rheology is considered for the deep mantle underneath the
sthenosphere as well as for the crust.

. Matching Io’s heat budget for various melt distribution

To test various distributions of melt between Io’s deep mantle and
sthenosphere, we vary systematically the viscosity of the solid matrix
sol and the mantle and asthenospheric melt fractions, 𝜙mant and 𝜙ast
espectively, over a large range of possible values (1016-1020 Pa s for the
olid-state viscosity and 0%–35% for the whole range of asthenospheric
nd mantle melt fractions). For a given viscosity of the solid matrix and
onfiguration of the asthenosphere (depth, thickness, 𝜙mant∕𝜙ast ratio),
e determine iteratively the asthenospheric melt fraction (see typical
elt profile in Fig. 1b) that match Io’s heat budget, typically ranging

etween 65 and 125 TW (e.g. Lainey et al., 2009).
Fig. 2 illustrates the solutions in terms of 𝜙ast∕𝜙𝑐 and 𝜂sol (Fig. 2a)

able to produce the appropriate range for Io’s heat budget. Varying
𝜂sol and 𝜙mant∕𝜙ast also means exploring different ratios of the tidal
ower produced in the asthenosphere 𝑃ast relative to the total tidal
ower within Io 𝑃glob (Fig. 2b). For the example displayed in Fig. 2, two
atios 𝜙mant∕𝜙ast are compared: 1/10 (in magenta) and 1/3 (in black),
oth producing a total power 𝑃glob of 100 TW. Whatever the assumed
atio 𝜙mant∕𝜙ast, two distinct regimes can be distinguished. As long as
𝜙ast < 𝜙𝑐 , tidal dissipation in the mantle is predominant. Whatever the
assumed melt fraction in the mantle (𝜙mant = 𝜙ast∕10 or 𝜙ast∕3), the
dissipation in the asthenosphere becomes predominant for almost the
same value of 𝜙ast, about 1 point above 𝜙𝑐 . This transition between
mantle-dominated and asthenosphere-dominated regime correspond to
different solid-state viscosity values: 1.6×1017 Pa s for 𝜙mant∕𝜙ast = 1∕10
and 1.5×1018 Pa s for 𝜙mant∕𝜙ast = 1∕3. The same behavior is observed
whatever the total tidal power 𝑃glob (65, 100, 125 TW) with only a
shift in the location of the transition. In the following, we consider as
a reference model 𝜙mant∕𝜙ast = 1∕3 and 𝑃glob = 100 TW.

4. Tidal heating patterns

In order to better understand the difference in terms of heat pro-
duction between the mantle-dominated and asthenosphere-dominated
regimes, the radial and lateral distributions of the tidal heat produced
in Io’s interior are shown as a function of the solid-state viscosity in
Fig. 3. Low viscosities (< 1.5×1018 Pa s) allow for a power produced in
the mantle greater than 50 TW (Fig. 3a, orange curve). The contribution
of the crust (blue line in Fig. 3a) is negligible (< 2 TW over the
whole range of explored parameters). For the reference case displayed
on Fig. 3, the relative contribution of the asthenospheric tidal power
becomes larger than the mantle counterpart at viscosities larger than
1.5 × 1018 Pa s. Among these calculations, we select five representative
models to illustrate the transition from one regime to another in terms
of spatial distribution of tidal heating rate 𝐻tide and resulting surface
pattern of radially integrated tidal heat flux 𝑞tide (Fig. 3c, bottom and
top respectively). For that purpose, the local tidal heating rate per
unit of volume 𝐻tide(𝑟, 𝜃, 𝜙) averaged over one cycle is evaluated at
any point inside the body from the complex stress and strain tensors,
determined from the radial functions (see Tobie et al. (2005) and
appendices in Kervazo et al. (2021) for details). By integrating radially
the volumetric heating rate 𝐻 over the viscoelastic layers, we then
tide
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Fig. 1. Properties of Io’s interior and rheological model used for the simulations. (a) Model of Io’s internal structure with (1) the solid mantle and crust, described by an Andrade
rheology neglecting bulk viscoelastic behavior; (2) the asthenosphere, described by a Maxwell rheology including both shear and bulk viscoelastic rheology; (3) the inviscid liquid
metallic core. In the case of the asthenosphere and deep mantle, the effect of melt on the viscoelastic parameters is accounted for. (b) Typical melt profile in Io’s mantle. The ratio
between the melt fraction in the deep mantle (𝜙mant) and in the asthenosphere (𝜙ast) is 1/10 (in magenta) and 1/3 (in black) and the reference viscosity 𝜂sol is set to 1019 Pa s.
(c) Effect of melt fraction 𝜙 on the viscoelastic parameters: shear viscosity 𝜂 and modulus 𝜇 (solid lines), bulk viscosity 𝜁 and modulus 𝐾 (dashed lines), over the range of interest
(from 0 to 35% for the melt fraction). The two endmembers corresponding to 𝜂sol = 1016 and 1020 Pa s are shown for viscosities. The red vertical line denotes the rheological
critical melt fraction (𝜙c) where the transition between solid-state and liquid-state behavior occurs. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
compute the tidal surface heat flux 𝑞tide. Such a simplified representa-
tion does not take into account the complexity of internal heat transfer
(convection and melt extraction) which may affect the surface heat flux
pattern, so that comparison with real surface data should be done with
care. However, such an approach is similar to what has been classically
done in the literature (e.g. Segatz et al., 1988; Beuthe, 2013; Hamilton
et al., 2013; Steinke et al., 2020a), so it makes sense for comparison
with previous studies. All the results displayed on Fig. 3 reproduce the
same average heat flux over Io’s surface (total power equal to 100 TW),
but they result in different dissipation patterns and local values of the
surface heat flux owing to change in dissipation regimes.

The degree-two shape of the tidal potential results in a modulation
of tidal heating with latitude and longitude. As already shown by pre-
vious studies (Segatz et al., 1988; Beuthe, 2013; Hamilton et al., 2013),
these modulations are expressed differently in terms of the spatial
pattern of tidal heat flux depending on the contribution of the astheno-
sphere versus the mantle (Fig. 3c top). The obtained heat flux pat-
tern can be interpreted as the linear combination of two end-member
patterns:
5

• a mantle-dominated pattern (pattern I on Fig. 3c) corresponding
to maxima at the poles (∼4.5 W/m2, Fig. 3b) and minima along
the equator at the sub- and anti-Jovian points (∼1 W/m2, Fig. 3b);
an averaged value of ∼2.2 W/m2 is observed between −45 and
+45◦ latitude on Fig. 3b;

• an asthenosphere-dominated pattern (pattern V on Fig. 3c) corre-
sponding to maxima along the equator at proximity of the sub-
and anti-Jovian points (∼3 W/m2, Fig. 3b) and minima at the
poles (∼1.8 W/m2, Fig. 3b).

The pattern obtained for 𝑃ast ≃ 𝑃mant = 50%𝑃glob (Pattern III) corre-
sponds to a combination of these two end-member patterns resulting in
moderate heat flux variations, corresponding to less than 0.6 W/m2 of
variation between the maxima (3 W/m2) and the minima (2.4 W/m2).
Moderate changes of asthenosphere/mantle heat repartition (± 5 TW,
patterns II and IV) can, however, result in significant changes in heat
flow pattern, with a progressive decay of the polar contribution (see the
significant change of polar heat flux between model II and IV Fig. 3b).

We note that the asthenosphere-dominated pattern obtained here is
different that the one classically published in previous studies (Segatz
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Fig. 2. Configurations of 𝜙ast and 𝜂sol matching Io’s heat budget (a) and corresponding fraction of heating in the asthenosphere (𝑃ast∕𝑃glob) (b) for 𝜙mant∕𝜙ast=1/3 (in black) and
𝜙mant∕𝜙ast=1/10 (in magenta). (a) Required asthenospheric melt fraction 𝜙ast∕𝜙𝑐 as a function of the solid-state viscosity 𝜂sol in order to reproduce Io’s heat budget (100 TW is
indicated by the solid lines, and the range 65 to 125 TW is displayed by dashed lines and dashed dotted lines respectively). (b) Asthenospheric melt fraction 𝜙ast∕𝜙𝑐 as a function
of the relative power produced in the asthenosphere (𝑃ast∕𝑃glob). The transition at the critical value 𝜙ast∕𝜙𝑐=1 is depicted in red on both panels. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. (a) Repartition of total tidal heat power between the mantle (orange curve), the asthenosphere (green curve) and the crust (blue curve), as a function of 𝜂sol. (b) Comparison
of the tidal heat flux at the pole (black line) and the average flux in the equatorial region (between −45 and +45◦ latitude, blue line). I, II, III, IV and V denote five typical models
corresponding to specific reference viscosity values 𝜂sol (2 × 1017 Pa s for I, 1 × 1018 Pa s for II, 1.5 × 1018 Pa s for III, 2 × 1018 Pa s for IV and 1 × 1019 Pa s for V). (c) Patterns of tidal
heat flux 𝑞tide integrated up to the surface (top) and spatial distribution of the longitudinally averaged volumetric heating rate 𝐻tide (bottom) for the five selected representative
models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
et al., 1988; Beuthe, 2013; Hamilton et al., 2013; Steinke et al., 2020a),
which exhibits maxima at mid latitude near the sub- and anti-jovian
points. This results from the incorporation of bulk dissipation which
strongly affects the response of the partially molten asthenosphere
6

when 𝜙ast > 𝜙𝑐 (Kervazo et al., 2021). Our obtained asthenospheric
pattern is similar to Pattern A predicted by Beuthe (2013), which is
expected to be the pattern associated to bulk dissipation (see Eq. (23)
in Beuthe, 2013). When bulk dissipation is considered, the heat flow
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pattern in the asthenosphere is characterized by a preponderance of
the 𝜎𝑟𝑟𝜖𝑟𝑟 components, resulting in maxima at the equator where the
radial displacement and energy associated with change of volume are
maximal (Beuthe, 2013; Kervazo et al., 2021). Note that the radial-
angular decomposition approach proposed by Beuthe (2013) is fully
equivalent to our approach where we directly compute the patterns
from the full stress and strain tensors (Kervazo et al., 2021). As shown
by Beuthe (2013), in absence of bulk dissipation, asthenospheric dissi-
pation should be characterized by a strong reduction of heat flow in
polar regions and heat flow maxima around 30◦ latitude (pattern B
in Beuthe, 2013). The incorporation of bulk dissipation limits the heat
flow reduction in polar region and enhances heat flow in the equatorial
band. It is difficult to determine which pattern is more consistent with
existing data (Davies et al., 2015), in particular due to the lack of
observation in the polar regions, but future measurements may be more
conclusive and may confirm if bulk dissipation play a role in the heat
budget of Io.

In summary, with our modeling approach, we can determine con-
sistently the repartition of dissipation between the asthenosphere and
the mantle for a wide range of mantle viscosity and melt fraction. The
asthenosphere-dominated regime occurs only if the melt fraction in
the asthenosphere, 𝜙ast, exceeds the critical melt fraction 𝜙𝑐 (=30%
in the case considered here). In this regime, in order to match the
total power of 100 TW, the viscosity in the mantle 𝜂sol must be larger
han 7 × 1016 Pa s - 4 × 1017 Pa s, depending on the melt profile. In
bsence of melt, a mantle viscosity as low as 1016 Pa s is required

to produce a total power of 100 TW. The mantle-dominated regime
is characterized by deep heat production in the polar regions with
volumetric heating rate as high as 10−5 W/m3 and always larger
than 10−6 W/m3 (Fig. 3c, bottom), which may strongly impact the
large scale convective dynamics of the mantle (e.g. Tackley et al.,
2001). The asthenosphere-dominated regime is characterized by even
stronger heating rate, maximum at the mantle/asthenosphere interface
and further enhanced in the equatorial regions. Such a strong heating
rate may also strongly impact the convective heat transfer through the
asthenosphere (e.g Tackley et al., 2001), which in return may influence
the resulting surface heat. Future modeling will be needed to assess the
resulting surface heat flow pattern, but we can already anticipate that
the difference of average heat flow between the polar and equatorial
regions may be a good diagnostic of the dissipative regime.

5. Predicted love numbers

In this section, we explore the influence of melt distribution in the
deep mantle and the asthenosphere on the Love numbers, 𝑘2, ℎ2 and 𝑙2,

hich characterize the global response of the interior to tidal forcing
n terms of induced potential, radial and horizontal displacements,
espectively, and which could be assessed by future missions. We show
ow the Love numbers vary as a function of another independent ob-
ervable, the polar heat flux, which, as we will show, is a good proxy of
he heat repartition between the asthenosphere and the mantle. Before
resenting the predicted range of Love numbers as a function of heat
epartition in the interior, we first evaluate the role of bulk rheology
n the global response. As discussed in Section 4 and shown in Kervazo
t al. (2021), bulk dissipation can have a major effect when melt
ractions exceed 𝜙𝑐 , which is possibly expected in the asthenosphere.

.1. Contribution of bulk viscoelasticity in the asthenosphere

The general trends of the Love numbers and the ratio 𝑃ast∕𝑃glob
or a global heat budget of 100 TW as a function of the polar heat
lux 𝐹pole for various asthenospheric melt fractions are displayed in
ig. 4. In order to quantify the role of bulk dissipation in this regime,
e specifically report results obtained for 𝑘2, ℎ2, 𝑙2 and 𝑃ast∕𝑃glob

with (colored symbols) and without (dashed black lines) bulk viscosity.
Four asthenosphere configurations are considered corresponding to
7

two different values of asthenospheric thickness (𝑏ast = 50 km (left
column) and 𝑏ast = 100 km (right column)) and two values of the crust-
asthenosphere interface depth (30 km (circles) and 60 km (triangles)).
As expected, the contribution of bulk dissipation is negligible in the
mantle-dominated regime (i.e. for 𝜙ast∕𝜙𝑐 <1, blue to orange color in
Fig. 4). The two solutions (with or without bulk viscosity) are very close
for 𝐹pole > 3.2 − 3.8, and diverge below this value (corresponding to
red colors in Fig. 4), highlighting the rheological transition (𝜙ast∕𝜙𝑐=1,
depicted as black circles).

In the asthenosphere-dominated regime, results obtained without
considering bulk viscoelasticity for 𝑘2, ℎ2 and 𝑙2 generally present a
progressive increase with increasing 𝐹pole, slightly more pronounced
for 𝑏ast = 50 km than for 𝑏ast = 100 km in the case of 𝑘2 (Fig. 4).
Once bulk dissipation is included, the trend with increasing 𝐹pole is
inverted for the radial and horizontal displacement Love numbers, ℎ2
and 𝑙2, with a strong amplification for the case with 𝑏ast = 50 km.
Bulk viscoelasticity also impacts the 𝑘2 value, but to a lesser extent.
We interpret this particular influence on ℎ2 as a result of the impact
of bulk viscoelasticity on the radial component of the strain and stress
tensor (Kervazo et al., 2021), which influence is even more pronounced
for a thin asthenosphere. The depth of the crust-asthenosphere interface
has however no significant effect on the results, leading to increased
values of Love number less than 10% when a depth of 60 km is
considered instead of 30 km.

As discussed in Section 4, the polar heat flux is high for the mantle-
dominated regime (> 3.5 W/m2), compared to the asthenospheric one
(comprised between 0.5 and 3.5 W/m2), whatever the rheological
model assumption (i.e. with or without bulk dissipation). The polar
heat flux appears to be inversely proportional to 𝑃ast∕𝑃glob, and there-
fore may be used as a good indicator of the heat repartition between the
mantle and the asthenosphere. Considering bulk dissipation in addition
to shear dissipation leads to a polar heat flux up to 50% higher than
for cases taking into account shear dissipation only, but the linear trend
remains. Compared to the Love numbers, decreasing the asthenospheric
thickness is not associated to a pronounced enhancement of 𝐹pole.

5.2. Influence of Io’s heat budget and asthenospheric thickness

The sensitivity of the Love numbers, 𝑘2, ℎ2 and 𝑙2, and polar
heat flux to the global heat budget (65 < 𝑃glob < 125 TW) and the
asthenosphere thickness (50 < 𝑏ast < 200 km) is studied hereafter.
The general trends of the Love numbers as a function of the polar heat
flux 𝐹pole are displayed in Fig. 5. Whatever the assumed asthenosphere
thickness and heat budget (65–125 TW), a comparable change in 𝑘2
amplitude is obtained between mantle-dominated and asthenosphere-
dominated regime (Fig. 5, top line). For ℎ2 and 𝑙2 (Fig. 5, middle
lines), more contrasting variations can be observed between the two
regimes, especially for a thin asthenosphere as already discussed in
Section 5.1. For asthenosphere thicknesses of 100–200 km, ℎ2 and 𝑙2 in
the asthenosphere-dominated regime are always larger by about 30%
and 50%, respectively, than the ones in the mantle-dominated regime.
For a 50-km asthenosphere, a strong amplification is observed between
the two regimes, ℎ2 and 𝑙2 being up to four times and seven times,
respectively, larger in the asthenosphere-dominated regime. Moreover,
in this particular case of a thin layer, the effect of the global tidal power
is modest for the mantle-dominated dissipation regime (30% for ℎ2 and
𝑙2) but considerable in the asthenospheric-dominated regime (70% for
ℎ2 and 65% for 𝑙2).

5.3. Synthesis

Besides the two main factors discussed before, the global power
(between 65 and 125 TW) and the asthenospheric thickness (between
50 and 200 km), several interior parameters, whose values are still
uncertain, may affect the Love numbers 𝑘2, ℎ2 and 𝑙2 and the polar heat
flux, all of them being observable values. Fig. 6, which summarizes the
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Fig. 4. Influence of bulk viscoelastic response on the tidal Love numbers 𝑘2, ℎ2, 𝑙2 and 𝑃ast∕𝑃glob for a global heat budget of 100 TW. These are displayed as a function of the
polar heat flux 𝐹pole. The value of 𝜙ast∕𝜙𝑐 is indicated with the color scheme. ‘Reference’ calculations including bulk viscoelasticity are displayed in color. The same cases without
bulk viscoelasticity are indicated as dashed lines. Four cases are considered for the asthenosphere: 50 km thickness (left column) and 100 km thickness (right column) and a depth
of 30 km (circles) and 60 km (triangles). On each curve, the black circle denotes the critical melt fraction. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
expected range of variations for different interior parameters, shows
that 𝑘2 and to a lesser extent, ℎ2, are most sensitive to the core size
and the reference (solid-state) value of the shear modulus. By contrast,
𝑙2 and to a lesser extent, 𝐹pole, are mostly sensitive to the dissipation
regime.

Even if 𝑘2 is measured with high accuracy, it appears difficult to
determine the mantle/asthenosphere structure from the sole measure-
ment of 𝑘2 as there is a strong overlap between the two dissipation
regimes (mantle-dominated (blue lines) and asthenosphere-dominated
(red lines), Fig. 6a) and as the interpretation of 𝑘2 will depend on the
core size and reference shear modulus. For ℎ2 (Fig. 6b), even if there
is a clear separation between mantle-dominated and asthenosphere-
dominated solutions, controls by the core size and reference shear
modulus would also make the interpretation ambiguous.

As shown on Fig. 6c, 𝑙2 would be much more discriminating regard-
ing the dissipation regimes. Love number 𝑙2 is much less sensitive to
core size and shear modulus, and mostly depends on the melt fraction
8

in the asthenosphere. The same tendency is obtained for the polar heat
flux (Fig. 6d), even if there is a less clear distinction between the two
regimes, especially as there is an uncertainty on the global heat power.
Measuring 𝑙2 with a precision of 0.01 would distinguish whether Io’s
heat budget is dominated by mantle or asthenosphere dissipation and
would then put constraint on the melt fraction.

As noted earlier, the value of the polar heat flux 𝐹pole also mostly
reflects whether Io lies in the mantle- or asthenosphere-dominated
heating regimes and is roughly independent of other parameters. A
precise evaluation may provide an independent complementary con-
straint and enable to discriminate between these. Additionally, 𝐹pole is
globally more sensitive to Io’s actual heat budget and may help refine
its location in the range 65–125 TW.
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Fig. 5. Influence of Io’s tidal heat budget 𝑃glob on the tidal Love numbers 𝑘2, ℎ2 and 𝑙2 and 𝑃ast∕𝑃glob. These are displayed as a function of the polar heat flux 𝐹pole. The value
of 𝜙ast∕𝜙𝑐 is indicated with the color scheme for the reference case 𝑃glob=100 TW. The two black lines correspond to endmembers for Io’s heat budget: 65 TW (dashed) and 125
TW (dashed dotted). Three asthenospheric thicknesses are investigated: 𝑏ast = 50 km, 𝑏ast = 100 km and 𝑏ast = 200 km. On each curve, the black circle denotes the critical melt
fraction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
6. Discussion and conclusion

In the present study, we focused on Io’s interior models including
varying percents of partial melting in the deep mantle and astheno-
sphere (a layer substantially less viscous than the deeper regions but
still considerably more viscous than a fully liquid magma ocean). We
quantified how the tidal response varies as a function of the viscosity
of the solid matrix and the asthenospheric melt fraction relative to the
rheological critical melt fraction, 𝜙𝑐 (which value may vary between 20
and 40% in the literature). For a melt fraction in the asthenosphere be-
low 𝜙𝑐 and viscosity below 1017–1018 Pa s, we show that the dissipation
is dominated by mantle dissipation, while dissipation in the astheno-
sphere becomes dominant above this critical value. Consistent with
previous studies (e.g. Segatz et al., 1988; Hamilton et al., 2013; Beuthe,
2013; Steinke et al., 2020a), our calculations show that the transition
between mantle-dominated and asthenosphere-dominated regimes re-
sults in significant changes in terms of heat flux patterns, with strong
reduction of the polar heat flux with increasing contribution of the
asthenospheric dissipation. The main novelty in our study is to quantify
the role of bulk dissipation and to determine the consequences for tidal
heat patterns for a wide range of melt fractions. For asthenospheric
9

melt fraction above 𝜙𝑐 , the bulk viscoelastic response is predicted to
affect significantly the dissipation process, resulting in major changes of
tidal heating distribution compared to classical approaches neglecting
bulk dissipation (e.g. Segatz et al., 1988; Beuthe, 2013; Hamilton et al.,
2013; Steinke et al., 2020a).

Interestingly, for the asthenosphere-dominated regime (Patterns IV
and V on Fig. 3), the maxima of heat production along the equator
are shifted by ±25–30◦ relative to the sub-jovian and anti-jovian points,
which appears consistent with the maxima of volcano density reported
by Hamilton et al. (2013). We note, however, that we obtained four
maxima at about 30◦, 150◦, 210◦ and 330◦, while maxima in volcano
density are observed in only two locations (∼150◦W and 330◦W). As
discussed by Steinke et al. (2020b), the comparison between mod-
eled heat flow pattern and observed volcanic activity pattern should
be made with caution, as tidal heat production may be affected by
unconstrained thermal and chemical heterogeneities. In spite of these
limitations, the apparent correlation might constitute the first clue
that bulk dissipation plays a significant role in Io’s tidal dissipation
processes. This also provides a solution alternative to the longitudinal
offset attributed to dissipation in a fully liquid magma ocean (Tyler
et al., 2015).
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Fig. 6. Influence of tidal heat budget (blue domain), asthenospheric thickness (green domain) and depth (yellow domain), core density (purple domain) and reference shear
modulus (red domain) on the tidal Love numbers 𝑘2 (a), ℎ2 (b) and 𝑙2 (c) as well as on the polar heat flux 𝐹pole (d). The dissipation regime extension range is represented by the
lue lines for the mantle-dominated one and by the red lines for the asthenosphere-dominated one. The ‘reference’ cases of our study (presented in the text) are in solid lines.
For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Our computation showed that the polar heat flux provides a good
roxy of heat repartition in the interior (mantle-dominated vs.
sthenosphere-dominated regime). A future determination of this value
ith an accuracy < 1 W/m2 would be sufficient to distinguish the

wo regimes, for a given assumed heat budget. Despite the drastic
hanges in terms of tidal heating distribution and polar heat flux
etween mantle-dominated and asthenosphere-dominated regimes, the
hange in terms of gravitational Love number, 𝑘2, remains very subtle.
onsistent with the results of Bierson and Nimmo (2016), we found
hat, for a partially molten interior with 𝜙 < 35%, the Love number
2 should range between 0.07 and 0.11, in the case of a low-density
etallic core. However, even if a low 𝑘2 value (0.07–0.08) would

e more consistent with the mantle-dominated regime, there is no
lear separation between the two regimes as several other interior
arameters (e.g. shear modulus, core density) may affect the amplitude
f tides. In the case of a partially molten interior, at least for melt
ractions lower than ∼35%, the 𝑘2 Love number is most sensitive to the
ensity of the metallic core and to a lesser extent to the shear modulus
f the solid matrix. A 𝑘2 Love number below 0.06–0.07 will suggest a
igh density core while a value significantly above 0.1 will suggest a
uch higher melt fraction. For a fully liquid magma ocean, we predict

hat the Love number depends mostly on the crust thickness and should
ange between 0.6 and 0.9 for crust thicknesses ranging between 90 and
0 km, consistent with the results of Bierson and Nimmo (2016), Van
oolst et al. (2020).

A multiple-flyby mission to Io, similar to the Io Volcano
bserver (IVO, McEwen et al., 2019), would have the capability to
rovide quantifications of 𝑘2 from radio tracking with an expected
ccuracy of ∼0.05 (Ryan Park, pers. comm. in Van Hoolst et al., 2020).
uch a precision will be sufficient to discriminate univocally between
10

partially molten interior and a fully liquid magma ocean, but it will b
ot be sufficient to provide constraints on the interior structure and
elt distribution if 𝑘2 < 0.1. A dedicated orbiter mission may provide
uch better accuracy, comparable to what is expected on Ganymede

0.0001) with the ESA JUpiter ICy moon Explorer (JUICE, Cappuccio
t al., 2020). However, based on our results, 𝑘2 alone will be sufficient
o constrain the melt distribution. Before any hypothetical selection of
future mission, close flybys of Io during the extended phase of the

UNO mission (Bolton et al., 2017), may provide first assessment of 𝑘2
or at least put some upper limit on the tidal amplitude.

The displacement Love number, radial ℎ2 and horizontal 𝑙2, may be
ore conclusive, as they show a more clear distinction between mantle-
ominated and asthenosphere-dominated regimes. Values of ℎ2 smaller
han 0.15 would indicate a mantle-dominated regime, but similarly to
2 some ambiguity would remain as ℎ2 varies significantly with the core
ensity and shear modulus of the solid mantle. Only a value smaller
han 0.1 will be a confirmation that dissipation is mostly located in
he deep mantle. Love number 𝑙2 is more conclusive as there is a clear
eparation between mantle-dominated and asthenosphere-dominated
egimes and as 𝑙2 is less sensitive to the interior parameters.

The main challenge is to reach a sufficient accuracy to detect the
ubtle difference in ℎ2 and 𝑙2 (±0.01) between the two regimes. Park

et al. (2020) indicated that high resolution imaging may allow the
determination of the Love numbers ℎ2 and 𝑙2 with accuracy of 0.09 and
.07 after ten flybys. Such an accuracy will be sufficient to determine
hether Io has a global magma ocean or only a partially molten mantle,
ut it will remain insufficient to distinguish between the two dissipation
egimes. Nevertheless, the first estimation of Park et al. (2020) indicates
hat the required accuracy may be reached with a mission with higher
umber of flybys or directly in orbit around Io. Accurate measurements
f horizontal displacement will also be essential to constrain the li-

ration (Van Hoolst et al., 2020). Combined determination of Love
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numbers (Park et al., 2020), libration (Van Hoolst et al., 2020) and
magnetic induction (Khurana et al., 2011; de Kleer et al., 2019a) will
be required to fully reconstruct the melt profile in Io’s interior.

Another important result of our study concerns the possible ampli-
fication of the Love numbers, ℎ2 and 𝑙2, due to the bulk viscoelastic
response in a thin asthenosphere when the melt fraction is above the
critical value. In this case, ℎ2 and 𝑙2 can be amplified by a factor of
two, while 𝑘2 remains below 0.1. The combined detection of high ℎ2
nd 𝑙2 values and a low 𝑘2 value by future missions will confirm that
ulk dissipation plays a crucial role in the heat budget of Io and will
rovide constraints on the thickness and melt fraction of the partially
olten asthenosphere.

As already mentioned in Section 2.1.1, significant uncertainties
emain on the determination of the global heat budget and the lateral
ariations of heat flux. The interpretation of the Love numbers in
erm of interior structure depends on the total heat budget estimate.
ur calculations show that, for similar interior structures and melt
istributions, the current uncertainty on the global heat budget (65–
25 TW) results in a difference of about 0.01 in 𝑘2 and up to 0.05
n ℎ2. Without improvement in the total heat budget, the interpreta-
ion of the Love numbers will remain ambiguous. Future astrometric
easurements (e.g. Lainey et al., 2009) and volcanic thermal emission
apping (e.g. Veeder et al., 1994, 2012) will be essential to reduce

he uncertainty on Io’s global heat budget. Precise determination of
he orbital dynamics of Io can provide accurate estimates of its mean
otion rate change and hence of the total energy dissipated in its

nterior (e.g. Lainey et al., 2009). The signature of tidal dissipation in
o is observable not only in Io’s orbital dynamics but also in Europa’s
nd Ganymede’s ones as the three moons are coupled through the
aplace resonance (e.g. Dirkx et al., 2016). Spacecraft radio tracking
uring close flybys of the Galilean moons (JUNO at Io, Europa Clipper
nd JUICE at Europa, Ganymede and Callisto) combined with optical
nd UV astrometric data will allow the quantification of the orbital
ynamics of the Galilean moons with unprecedented accuracy and a
recise determination of total dissipated power independently from
hermal emission mapping.

Thermal emission and volcanic landforms mapping are also essential
o determine the lateral variations of heat production and transport
nd possible correlation with the different dissipation regimes. Even if
revious mapping suggests both latitudinal and longitudinal variations
n volcanic activity (Hamilton et al., 2013; Davies et al., 2015), a lack of
omplete surface coverage, in particular in the polar regions, makes the
omparison between observation and model prediction not conclusive.
he general consensus is that more polar observations are needed
o fully address this question (Rathbun et al., 2018; de Kleer et al.,
019a). Our calculations confirm that determining the polar heat flux is
ssential to constrain the dissipative regime of Io. The volcanic activity
s by nature sporadic (e.g. de Kleer et al., 2019b), which creates another
omplication in the estimation of averaged surface heat flux, represen-
ative of the total energy dissipated inside Io. First observations from
istant flybys obtained by the instrument JIRAM onboard JUNO have
lready offered a unique opportunity to map the polar regions (Mura
t al., 2020). Future close flybys by JUNO may provide a full coverage
f the polar region, which is crucial to determine the dominant dissi-
ative regime in Io’s interior. Moreover, prior to a dedicated mission
o Io, the ESA’s JUpiter ICy moon Explorer (JUICE) mission (Grasset
t al., 2013) and NASA’s Europa Clipper (Howell and Pappalardo,
020), may also allow complement mapping of hotspot activity from
istant flybys, bringing additional constraint on the temporal change
f volcanic activity and the heat flow mapping.

All calculations presented here neglect lateral variations in inte-
ior properties: the crust thickness and the melt fraction are assumed
niform over the entire globe. As indicated by Steinke et al. (2020a),
pencer et al. (2021), lateral variations in heat production and trans-
ort may result in significant variations in melt content and crust
11

hickness. Based on our computation performed for two different crust
thicknesses of 30 and 60 km (Fig. 4), we can anticipate that lateral vari-
ations of crust thickness of the order of a few kilometers as predicted
by Steinke et al. (2020a) should have a minor effect on the dissipation
rate in the asthenosphere, and almost zero effect on the dissipation rate
in the mantle. For larger lateral variations in crust thickness (∼20–30
m) as predicted by Spencer et al. (2021), the dissipation rate may
ignificantly change in the asthenosphere compared to predictions with
onstant thickness, especially for a thin asthenosphere (∼50 km) due
o the contribution of bulk dissipation. Our calculations also showed
hat, once above the rheological critical melt fraction, small changes in
elt fraction can have a large impact on the dissipation rate. Strong

etroaction between melt-induced tidal heating and melt production
ay lead to significant lateral variations in both melt content in the

sthenosphere and crustal thickness, which may be amplified by bulk
iscoelastic response. Convective transport may also strongly affect
elt and heat transport (Tackley et al., 2001; Steinke et al., 2020b),
aking the surface expression of melt and heat production rather

omplicated (de Pater et al., 2021). Future modeling efforts are re-
uired to take into account lateral variations on tidal dissipation rate,
ncluding both shear and bulk dissipation and their consequences on
elt and heat transport to the surface. Long-wavelength topography

nd gravity data combined with magnetic induction measurements by
uture missions will be essential to constrain the lateral variations in
epth and melt content of the asthenosphere. Comparison with maps
f heat flow and volcanic edifices may reveal the complex interplay
etween tidal heating, melt generation and extraction, which are likely
he main drivers of Io’s evolution.
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