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A test for Io’s magma ocean: Modeling tidal dissipation
with a partially molten mantle
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Abstract Magnetic induction measurements and astrometry provide constraints on the internal
structure of Io, a volcanically active moon of Jupiter. We model the tidal response of a partially molten
Io using an Andrade rheology which is supported by silicate deformation experiments. This model uses
material properties similar to the Earth’s mantle and includes feedbacks between partial melting, tidal heat
production, and melt transport. We are able to satisfy constraints provided by the measured imaginary part
of the tidal Love number Im(k2), the inferred depth and melt fraction of a near-surface partially molten layer,
and the observed equatorial concentration of volcanic landforms. We predict a value for the real part of the
tidal Love number of Re(k2) = 0.09 ± 0.02, much smaller than the value of Re(k2) ≈ 0.5 predicted for an
Io with a fluid magma ocean. Future spacecraft observations should be able to measure this value and test
which model is correct.

1. Introduction

Given Io’s highly active silicate volcanism [Veeder et al., 2012], there is great interest in understanding its inte-
rior structure, in particular, the nature and depth of any magma ocean [Ross and Schubert, 1986; Monnereau
and Dubuffet, 2002; Tackley et al., 2001; Tyler et al., 2015]. In this paper we aim to better constrain the dis-
tribution of melt in the interior of Io by using a model in which tidal dissipation and melt production are
coupled. We conclude that the inferred tidal response (k2∕Q) and the observed distribution of volcanoes
imply that Io has a thick partially molten region (>100 km) consistent with induction measurements. We
also make predictions for the real part of the tidal potential Love number which can be tested with future
spacecraft observations.

1.1. Observational Constraints
Gravity measurements performed by the Galileo spacecraft allowed the fluid potential Love number of Io to
be derived. From this, estimates for Io’s moment of inertia and density structure have been obtained [Anderson
et al., 2001]. Induction measurements have been used to infer a near-surface partially molten region in Io’s
interior with≥20% melt and a thickness of≥50 km [Khurana et al., 2011]. Keszthelyi et al. [2007] independently
estimated from measured eruption temperatures that Io’s upper mantle has a melt fraction of 20%–30%.
Additional information about Io’s structure can be ascertained from the tidal potential love number (k2). The
imaginary part of k2, Im(k2) is equivalent to k2∕Q, where Q is the tidal dissipation factor [Zschau, 1978]. Im(k2)
is proportional to the tidal energy dissipation rate and depends on the rigidity and viscosity of Io’s interior
(see below). Astrometric observations have estimated the imaginary part of k2 to be Im(k2) = 0.015 ± 0.003
[Lainey et al., 2009]. In steady state this would produce a heat flux of 2.24 ± 0.45 W m−2. Veeder et al. [2004]
have estimated Io’s total heat flux from volcanic sources to be ∼2.5 W m−2 which is largely consistent with the
previous literature (see review by Moore et al. [2007]). Including an additional source of observed polar heat-
ing brings the total heat flux to 3 ± 1 W m−2 [Veeder et al., 2004]. Assuming steady state, this flux corresponds
to Im(k2) = 0.02 ± 0.007. These two estimates for Im(k2) are each subject to a set of assumptions. The astro-
metric measurements use models and observations of long-term periodic changes to attempt to isolate the
long-term secular acceleration of Io (the quantity of interest). The infrared observations are model dependent
and some components, like the polar heat, are not well understood. Nonetheless, the consistency between
these two very different estimates is striking and for the rest of this work we use the value of Im(k2) estimated
by Lainey et al. [2009] and independently verified by Jacobson and Folkner [2014].

Another important constraint is the spatial pattern of Io’s tidal heating. Kirchoff et al. [2011] and Hamilton
et al. [2013] showed that volcanic landforms are concentrated at the sub- and anti-Jovian points and are
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preferentially located closer to the equator. While the relationship between tidal heating and volcanoes is
almost certainly complicated, the distribution of volcanoes is likely related to where melt is concentrated in
the subsurface. The equatorial concentration of volcanoes is important because it is the opposite of what
would be expected for a body with a uniform mantle and thin asthenosphere [Tackley et al., 2001]. Other esti-
mates for the longitudinal distribution of Io’s tidal heating have been carried out by mapping the surface
thermal output [Veeder et al., 2012, 2015; Davies et al., 2015]. However, these measurements appear to be
heavily affected by the output of individual volcanic features and have not been used as a constraint here.

In this work we use a tidal dissipation model [Roberts and Nimmo, 2008], to better understand the utility of
these, and future, observations for constraining Io’s interior structure. Our approach has two main innova-
tions. First, it directly couples the tidal dissipation to the melt fraction being generated using the approach of
Moore [2001] and solves self-consistently for both simultaneously. Second, rather than assuming a Maxwell
viscoelastic rheology for Io, it uses an Andrade rheology which is dependent on the local melt fraction
(see below).

1.2. Rheology
Most previous tidal models of Io have assumed a Maxwellian rheology [Ross and Schubert, 1986; Fischer and
Spohn, 1990; Tackley et al., 2001; Moore, 2003; Hussmann and Spohn, 2004; Tyler et al., 2015] although Tyler et al.
[2015] also explore the effect of dissipation in a fluid (magma ocean) layer. In order to match the observed
heat output, such models require mantle viscosities on order 1013 –1016 Pa s (see also section 2 below). The
question is whether such viscosities are reasonable.

Viscosity estimates for the Earth’s upper mantle using glacial rebound give a value of order 1021 Pa s [Cathles,
1975]. This may be taken as a representative value for a low-pressure ultramafic mantle undergoing little or
no melting. Viscosities of 1013 –1016 Pa s imply viscosity reduction by a factor of 105 –108. Such a large factor
would require melt fractions in excess of 50% [Costa et al., 2009]. At such high melt fractions, separation of
melt and solid via compaction is expected to be extremely rapid [McKenzie, 1989; Costa et al., 2009], especially
given the low (water-like) viscosities of ultramafic lavas [Liebske et al., 2005]. These factors lead us to conclude
that viscous dissipation as described by the Maxwell model probably does not provide an appropriate model
(a conclusion reinforced by experimental work, see below). We note that Io is not alone in this respect; a similar
problem of a Maxwell rheology requiring a viscosity that is unrealistically low to match a measured k2∕Q has
also been noted for the Earth [Ray et al., 2001] and Mars [Bills et al., 2005].

1.3. Experimental Constraints
Several groups have investigated periodic deformation of silicates in the laboratory [Gribb and Cooper, 1998;
Cooper, 2002; Jackson et al., 2002, 2004; Jackson and Faul, 2010]. A universal finding is that the phase lag varies
as a fractional power of the forcing period, whereas for a Maxwell material these two quantities should be
linearly related [Findley et al., 1976]. Seismological and tidal measurements of dissipation in the Earth as a
function of period reveal a similar power law dependence [Minster and Anderson, 1981; Shito et al., 2004], while
the Moon also shows a power law dependence of tidal Q on period [Williams et al., 2014]. In short, neither
laboratory specimens nor planets behave as Maxwell bodies.

Because of these drawbacks some models have started to make use of alternative rheologies [Nimmo et al.,
2012; Nimmo and Faul, 2013; Castillo-Rogez et al., 2011; Efroimsky, 2012]. Rheologies based on the Burgers
or Andrade models are better supported by experimental studies [Jackson and Faul, 2010]. Because of the
experimental difficulties, very few studies have looked at the attenuation behavior of partially molten rocks.
As a result, the rheological parameters are only poorly constrained. Nonetheless, in section 3 below we
develop a very simplified rheological model which nonetheless captures the gross features of dissipation and
softening of a partially molten silicate.

1.4. Overview
In this work we aim to better determine the material properties and structure of Io’s interior. We begin with
an analytic treatment of the Andrade and Maxwell models to better understand the relationship between
different parameters (section 2). We then describe our coupled tidal and partial melt model (section 3). The
tidal dissipation calculations are built on the model used in Roberts and Nimmo [2008], and we use a melt
distribution model based on Moore [2001]. The material properties in each layer are affected by the melt using
a treatment (Andrade rheology) based on the laboratory experiments of [Jackson et al., 2004; Mei et al., 2002]
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(section 3.3). We conclude that the spatial pattern of volcanoes implies a minimum thickness for the partially
molten layer and suggest future observations that could be used to validate this model.

While our rheological treatment is based on experimental results, and is arguably more realistic than previ-
ously applied models, we caution the reader that understanding of dissipation in partially molten rocks is still
very rudimentary. As a result, our treatment of this process is necessarily highly simplified. While we believe
that our main conclusions are robust to the current uncertainties, an improved understanding of how partially
molten rocks respond to periodic stresses is highly desirable.

2. Idealized Homogeneous Models

For a planet with more than two layers, analytic solutions for the tidal k2 value have not been derived. Because
of this it is instructive to approximate Io as a uniform body. In this way we can derive analytical expressions
for the response of a Maxwell or Andrade body in order to build intuition about their sensitivity to different
parameters. For a uniform body, the complex tidal potential love number is given by

k∗
2 =

3∕2

1 + 19
2𝜌gR

𝜇∗
(1)

where 𝜇∗ is the complex rigidity, 𝜌 is the density, g is the gravitational acceleration, and R is the body radius
[Ross and Schubert, 1986]. It is helpful to define 𝜇∗ in terms of the complex compliance, j∗ [Findley et al., 1976].
These parameters are related by

𝜇∗ = 1∕j∗ (2)

j∗ = J1 − iJ2 (3)

where i =
√
−1.

For a Maxwell rheology,

J1 = 1∕G0 (4)

J2 = 1∕𝜔𝜂 (5)

𝜔 = 2𝜋∕P (6)

where G0 is the reference rigidity and P is the orbital period [Findley et al., 1976]. The parameter 𝜏 is the
Maxwell time which is defined as 𝜂∕G0, where 𝜂 is the viscosity. To match the observed Im(k2) = 0.015 using
equation (1) with a typical silicate rigidity of 3 × 1010 Pa requires a viscosity of ∼3 × 1015 Pa s. In this case
the Maxwell model predicts that Re(k2) = 0.06. The viscosity predicted by equation (1) is comparable with
those obtained by more complex models [Moore, 2003; Tyler et al., 2015] but—as we discuss in section 1.3
above—may not be physically realistic.

Because it has some support from laboratory experiments we also tested the Andrade dissipation model
[Andrade, 1910; Jackson et al., 2004; Jackson and Faul, 2010]. In the Andrade model

J1 = 1∕G0 + 𝛽𝜔−nΓ(n + 1) cos
(n𝜋

2

)
(7)

J2 = 𝛽𝜔−nΓ(n + 1) sin
(n𝜋

2

)
+ 1

𝜔𝜂
(8)

𝜔 = 2𝜋∕X (9)

X = P ∗ exp
[

Eb

Rg

(
1∕T − 1∕Tr

)]
(10)

Here Rg is the ideal gas constant, Γ is the gamma function [Findley et al., 1976], Eb is the activation energy, and
Tr is a reference temperature. The parameters 𝛽 and n describe the magnitude and time decay of anelastic
deformation. These constants are experimentally determined. To limit the number of free parameters we do
not include any explicit grain size or pressure dependence [Jackson and Faul, 2010]. To account for this, we
vary 𝛽 and n broadly to explore the sensitivity of our answers (section 4.1).
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Table 1. Io Physical Values

Name Symbol Value Reference

Radius R 1821.6 km

Surface Gravity g 1.8 m/s2

Mean Density 𝜌 3530 kg/m3

Orbital Period P 1.53 × 105 s

Eccentricity e 0.004

Im(k2) 0.015 ± 0.003 Lainey et al. [2009]
C

MR2 0.37685 Anderson et al. [2001]

Jackson et al. [2004] measure 𝛽 values between 6 × 10−13 Pa−1 s−n and 4 × 10−11 Pa−1 s−n with most values
around 2×10−12 Pa−1 s−n and n ≈ 0.3. For relatively low (<30%) degrees of melt we expect Io to have a mantle
viscosity >1018 Pa s, in which case the last term in equation (8) can be neglected. It is then instructive to
redefine k∗

2 (equation (1)) in terms of a new complex value, C′, such that

k∗
2 =

3∕2

1 + C′
r + iC′

i

(11)

Im(k2) =
3
2

C′
i

(1 + C′
r )2 + C′2

i

(12)

Here the r and i subscripts indicate the real and imaginary parts respectively. For convenience, we also define

A = 𝛽X−nΓ(n + 1) (13)

x = n𝜋
2
. (14)

With these definitions it can be shown that (see Appendix A)

C′
r =

19
2𝜌gR

A−1 cos(x)
(G0A)−2 + 1

[
1

G0A cos(x)
+ 1

]
(15)

C′
i =

19
2𝜌gR

A−1 sin(x)
(G0A)−2 + 1

(16)

Given a value for C′, Im(k2) can be calculated using equation (11). In these expressions there are three quanti-
ties with units of Pa, G0, A−1, and 2𝜌gR∕19. These three terms characterize the influence on the tidal response
due to rigidity, anelastic behavior, and gravity, respectively. The last of these is the best constrained. Using
the values from Table 1, (2𝜌gR)∕19 = 1.2 × 109 Pa. Olivine at high temperatures typically has a shear modu-
lus (G0) of about 60 GPa [Abramson et al., 1997] although the presence of melt can reduce this substantially.
Due to the sparse experimental data, A is poorly constrained. Because of this uncertainty, it is important to
understand the relationship between Im(k2) and A. We find three regimes of note.

Im(k2) ∝ A G0A ≪ 1 (17)

Im(k2) ∝ A A ≪ 19∕(2𝜌gR) and G0A ≫ 1 (18)

Im(k2) ∝ A−1 A ≫ 19∕(2𝜌gR) and G0A ≫ 1 (19)

With values of 𝛽 in the range observed by Jackson et al. [2004] and taking n ≈ 1∕3 we are in the case described
by equation (18).

With this analytic approach we can determine if the observed Im(k2) of Io can be matched by values of the
Andrade parameters measured by Jackson et al. [2004]. Equally important is understanding the sensitivity of
Im(k2) to the Andrade parameters. Because of the way 𝛽 and n both contribute to A (equation (13)), there is a
trade-off between the two terms to get the same value of Im(k2).The results of a parameter space exploration
are shown in Figure 1. The values of 𝛽 and n required to match the observed Im(k2) are consistent with some
of the values measured by Jackson et al. [2002, 2004] (shown as points in Figure 1). Given the simplifications
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Figure 1. Analytic values of Im(k2) for a homogeneous body using equation (11). These values were calculated using
T = 1400 K, Tr = 1374 K, EB = 700 kJ/mol, G0 = 60 GPa, and 𝜂 = 1021 Pa s. The black contours are the observed Im(k2) of
Io plus or minus the error, 0.015 ± 0.003 [Lainey et al., 2009]. Green stars are measurements of five samples at different
temperatures with some melt from Table 2 of Jackson et al. [2004]. Blue stars are measurements of three samples at
different temperatures with no melt from Tables 3–5 of Jackson et al. [2002].

of this model (Io is not uniform), we conclude that the Andrade model is more likely to provide a realistic
description of Io’s tidal response, and we therefore focus on this model below.

3. Numerical Model

The uniform body approximation, while useful for a broad parameter space exploration, is not a good descrip-
tion of the interior structure of Io. To better understand how dissipation is affected by a more realistic structure,
we created a 1-D model in which tidal dissipation, melt production, and melt migration are all coupled. While
more sophisticated than the analytical model described above, this model is still simplified compared to the
likely real situation. First, the model assumes a simplified radial structure of a molten core, solid lower mantle,
partially molten upper mantle, and rigid crust of uniform thickness. Second, the rheology is modeled in a rel-
atively simple manner, since the experimental data are currently so sparse (see section 1.2 above). The main
components of this model are described below.

3.1. Background Structure
We used a four-layer nominal structure for Io described in Table 2. The density structure used was chosen
to match the observed mean density and moment of inertia for Io [Anderson et al., 2001]. The temperature
profile adopted affects the value of X (equation (10)) but is assumed to not directly affect the melt fraction
(𝜙). The local melt fraction is instead controlled by the balance between melt production and melt transport
(section 3.2). The temperature profile itself is largely controlled by advection of melt [O’Reilly and Davies, 1981].
For simplicity we use the temperature structure of a conductive lid over an adiabatic mantle [Nimmo and Faul,
2013]. The 1-D potential temperature Tp is given as

Tp(z) = Ts + (Tm − Ts) tanh(z∕d). (20)

Here Ts and Tm and the surface and mantle potential temperatures, respectively, z is the depth, and d is the
thickness of the lid, which we treat as a free parameter. The potential temperature is converted to actual tem-
perature by the multiplication of an adiabatic factor, fab. This factor is derived from the adiabatic temperature
gradient, dT∕dz = 𝛼T g(z)T∕Cp. Here 𝛼T is the thermal expansivity, Cp is the specific heat capacity, and g is the
local acceleration due to gravity. We assumed that 𝛼T and Cp are constant with depth and used the local g
to derive

ln(fad) =
4
3

G𝛼T

Cp

[
−

R3
c

R
Δ𝜌cm

z∕R
1 − (z∕R)

+ 𝜌m

(
Rz − z2

2

)]
(21)
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Table 2. Nominal Model for Io’s Interior Used

Thickness (km) Rigidity (Pa) Viscosity (Pa s) Density (kg/m3)

Core 700 0 0 7640

Lower Mantle 800 6 × 1010 1021 3300

Upper Mantle 300 6 × 1010a 1021a 3300

Crust 20 6 × 1010 1025 3000
aThese parameters vary with melt fraction. See section 3.3 for details.

Here G is the universal gravitational constant, R is the radius of Io, Rc is the radius of the core, 𝜌m is the mantle
density, and Δ𝜌cm is the density contrast between the core and mantle.

Despite Io’s prodigious volcanism, it is clear from the existence of 20 km high mountains that Io’s crust has
significant rigidity [Schenk and Bulmer, 1998]. This rigidity arises because the near-surface material, even if
erupted hot, will cool to space and is then rapidly buried, effectively advecting cold material downward and
allowing a cold, rigid layer to exist [O’Reilly and Davies, 1981]. The thickness of the rigid layer is poorly known,
but it is probably a few tens of kilometers thick [Schenk et al., 2001; Jaeger et al., 2003; Moore et al., 2007].

3.2. Melt Transport
To calculate the distribution of melt in the upper mantle, we use of the 1-D approach derived by Moore [2001].
This model calculates the melt distribution by balancing melt production (which depends on tidal heating)
against melt transport (which is assumed to occur by percolation and is a function of the melt fraction present).
From these assumptions, Moore [2001] derives the following differential equations.

dvl

dr
=

Qt(r, 𝜙)
𝜙𝜌L

− vl

(
2
r
+ 1

𝜙

d𝜙
dr

)
(22)

d𝜙
dr

[vl + 𝛾(m − (m + 1)𝜙)𝜙m] =
Qt(r, 𝜙)

𝜌L
− 2(1 − 𝜙)𝜙

vl

r
(23)

Here vl is the melt velocity, Qt is the volumetric heating rate, 𝜌 is the melt density, L the latent heat of fusion,
r the radial coordinate, and 𝜙 the melt fraction. The quantity 𝛾 is a velocity scale that is defined as

𝛾 =
b2Δ𝜌g
𝜏𝜂l

. (24)

where b is the grain size,Δ𝜌 is the melt-solid density contrast, g is the acceleration due to gravity, 𝜂l is the melt
viscosity, and 𝜏 is a constant relating the permeability k to the melt fraction 𝜙 by the following relation:

k = b2𝜙m

𝜏
, (25)

with m a constant. Instead of estimating many poorly known parameters from equations (24) and (25), we
choose to only specify 𝛾 . Given the large uncertainty in this parameter we are careful to characterize its effect
on the model and vary it over several orders of magnitude similar to Moore [2001].

While Moore [2001] assumed that Qt is constant, we instead calculate the tidal heating as a function of radial
position and the melt fraction 𝜙, as explained below. We verified that changing our assumptions of Qt does
not affect the derivation of the above equations. We apply initial conditions, vl = 0 and𝜙 = 0.01 at the base of
the upper mantle, at a radial position R𝜙0. R𝜙0 represents the point in the mantle where the temperature first
crosses the solidus and is a free parameter in our model. For large melt fractions (>30%) these equations ((22)
and (23)) break down as equation (23) approaches a singularity. This is about the same melt fraction at which
the solid matrix of the material begins to disaggregate (see section 1.2) and our underlying assumptions of a
primarily solid mantle become invalid.

3.3. Tidal Heat Production and Feedbacks
The tidal heating at each radial point (Qt) as well as the tidal Love numbers are calculated using the model of
Roberts and Nimmo [2008] where the complex rigidity at every point in the mantle is given by the Andrade

BIERSON AND NIMMO IO DISSIPATION 2216



Journal of Geophysical Research: Planets 10.1002/2016JE005005

rheology (equations (7)–(10)). The profile of Qt is used to calculate a radial melt profile as described above.
The melt profile is then used to update the rheology, and the process is iterated until convergence is reached.
The three parameters directly affected by the melt fraction are the viscosity, rigidity (G0), and the Andrade
parameter 𝛽 .

The viscosity dependence on melt is taken to be

𝜂(𝜙) = 𝜂(0) exp(−𝛼𝜙). (26)

From the experimental results of Mei et al. [2002] we adopt 𝛼 = 26. This value was derived from data with melt
fractions ranging from 3% to 12%. Work by Scott and Kohlstedt [2006] suggests that these values are valid up
to a melt fraction of 25%–30%, and melt fractions from our model runs do not exceed these values.

The presence of melt typically has a much larger effect on dissipation than it does on rigidity [Jackson et al.,
2004]. Thus, obtaining a realistic rigidity model is less critical than the dissipation model. For simplicity, we
elected to model the effect of melt on the rigidity, G0, using the analytic approach of [Mavko, 1980].

G0(𝜙) = G0|𝜙=0 [1 + c𝜙]−1 (27)

Mavko [1980] gives the value of c as a function of the Poisson’s ratio, 𝜈, and shape of the melt between grains.
By assuming the preferred melt tube shape of Mavko [1980] and 𝜈 = 0.25, we get c = 67

15
.

Experimental data on dissipation in partially molten silicate systems are limited (section 1.3). Nonetheless,
inspection of the tabulated data in Jackson et al. [2004] shows that the Andrade 𝛽 parameter tends to increase
(and so does dissipation—equation (18)) as the melt fraction increases. Unfortunately, there is not yet an
adequate parameterization of the experimental data. By analogy with equation (26), we therefore adopted
the following ad hoc relationship:

𝛽 = 𝛽0 exp[n𝛽𝜙] (28)

Using values from Jackson et al. [2004] we estimated n𝛽 = 20, while 𝛽0 is typically in the range
10−13 –10−11 Pa−1 s−n (Figure 1).

Jackson et al. [2004] introduce additional parameters to try and fit a dissipative peak which arises at short
periods (∼1 s) in high-temperature systems. Since we are dealing with a high-temperature system at long
periods (∼105 s), we chose not to include this additional (and rather poorly characterized) effect.

3.4. Model Coupling
Our model iteratively solves for Im(k2) by alternating between the tidal dissipation (section 3.3) and the par-
tial melt model (section 3.2) until the solution converges. These models interact in two ways. Local volumetric
heating values from the tidal dissipation model are used for Qt in the partial melt model (equations (22)–(25)).
Output from the partial melt model is then used to update the upper mantle rheology (equations (26)–(28)).
Above the base of the upper mantle (R𝜙0), the melt fraction increases rapidly at first but then converges asymp-
totically toward the surface. To capture this rapid change, the upper mantle is discretized. After calculating
the melt profile with high radial resolution, starting at R𝜙0, a new layer is created each time the melt fraction
changes by a factor of 1.5 from the previous layers melt fraction. To ensure that this discretization does not
introduce unexpected errors, we tested a model that used a large number of layers of a fixed thickness. The
difference between these numerical methods is negligible. We note that the temperature profile does not
change with melt fraction. As explained above, this is because the melt distribution is assumed to be gov-
erned by the balance between melt production and melt transport; the temperature profile itself is controlled
mainly by the advection of melt.

4. Results

Figure 2 shows an example model result which satisfies the constraints provided by astrometry and magnetic
induction (section 1.1). For this model the total heat output is 9.82 × 104 GW and the real and imaginary
parts of the Love number are 0.09 and 0.016, respectively. In this model tidal heating is concentrated toward
the equator (see below). Within the upper mantle the melt fraction increases toward the surface, as in Moore
[2001]. The viscosity and rigidity correspondingly both decrease, but note that the effect on G0 (equation (27))
is much more subdued than the effect on the viscosity (equation (26)). The reduced stiffness results in an
increased dissipation rate in the upper mantle. In the absence of this enhancement, the dissipation would
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Figure 2. Example radial profiles for a full model run with 60 fixed layers. Here the mantle G0 = 60 GPa, 𝜂 = 1021 Pa s, Tm = 1400 K, 𝛽0 = 6 × 10−13 Pa−1 s−n ,

n = 1∕4, R𝜙0 = 1380 km, and 𝛾 = 5 × 10−7 m/s. The plotted rigidity is the Andrade rigidity, G−1 =
√

J2
1 + J2

2 in addition to G0. This run gives Im(k2) = 0.016 and
Re(k2) = 0.09. The tidal heating line for 𝜙 = 0 shows the radial dissipation profile in the absence of melt. This parameter set has the tidal heating concentrated
toward the equator (see section 4.2).

decrease steadily with radius (dashed line) (see also Tobie et al. [2005]) and the heat flux would be increased
toward the poles.

Due to the large number of input parameters, it is important to understand the sensitivity of our model to
those parameters (Table S1 in the supporting information). Some physical parameters such as the latent heat
of fusion, thermal expansivity, and specific heat were excluded because they are well constrained compared
to other parameters. Changing the lid thickness and temperature at the base of the mantle, both poorly con-
strained parameters, had a minor impact on the estimated dissipation. Varying the lid thickness from 20 km
to 40 km lowers Im(k2) by ∼13%; a similar size change, but opposite sign, is found when lowering the lid
thickness to ∼5 km. Changing the mantle temperature (Tm) by 100 K changes Im(k2) by ∼35% (with higher
temperature leading to more dissipation). Below we focus on the effects of the parameters which affect the
results significantly and are poorly constrained.

4.1. Total Tidal Dissipation (Im(k2))
The imaginary Love number Im(k2) is most sensitive to 𝛽0, n, and R𝜙0. Of these three, n is arguably the best
constrained. Most observations prefer a value between 1/2 and 1/3 [Andrade, 1910; Gribb and Cooper, 1998]
though Jackson et al. [2004] measure values between 0.2 and 0.5. As was true for the analytic model, there
is still a trade-off between 𝛽0 and n. Using value of n = 1∕3 requires a very low value of 𝛽 ≈ 10−13 Pa−1 s−n,
about an order of magnitude lower than those obtained by Jackson et al. [2004]. Conversely, using
𝛽0 = 10−12 Pa−1 s−n requires a value of n ≈ 0.25 to match the observed Im(k2). The location of the base of
the upper mantle, R𝜙0, is only bounded by the induction measurements. These suggest that the partial melt
region is likely greater than 50 km thick [Khurana et al., 2011] but does not provide an upper bound on the
thickness of the melt region.

Ideally, we could use the melt fraction from induction measurements to further limit this parameter space.
Unfortunately, however, the melt fraction in the partial melt region is controlled primarily by the parameter 𝛾 .
Because the energy dissipated is directly related to Im(k2), any model that satisfies that measurement tends to
produce similar melt profiles for a particular choice of m and 𝛾 . The feedback effects of melt on the viscosity,
rigidity, and 𝛽 are not strong enough to change this basic relationship.
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Figure 3. Mean equatorial to pole surface heat flux ratio as a function of the starting depth of the melt. This was done
with a two-layer mantle model. The melt fraction is a step function where the lower mantle has no melt and the
upper mantle has a fixed melt fraction of either 15%, 20%, or 25%. Here the mantle G0 = 60 GPa, 𝜂 = 1021 Pa s, and
𝛽0 = 5 × 10−13 Pa−1 s−n . The peak is at the approximate point where the mantle is evenly divided into an upper and
lower half. Stars indicate the values used for insets A and B. For both insets brighter colors indicate a larger heat flux
(integrated radially). In inset A the heat flux is concentrated at the sub- and anti-Jovian points. In inset B the heat flux is
concentrated in the polar regions. The average heat flux for cases A and B are 4.6 W m−2 and 1.1 W m−2, respectively.

4.2. Spatial Pattern of Dissipation
In the case of a uniform mantle, Io would have a mantle heating signature which is characterized by most of
the heating at the poles with a minimum in the heating pattern at the sub- and anti-Jovian points [Tackley
et al., 2001]. In this uniform model most of the tidal heating occurs deeper in the mantle [Tobie et al., 2005].
To reverse this pattern to better fit the observed the volcano distribution [Kirchoff et al., 2011; Hamilton et al.,
2013] requires a strong contrast in material properties between the upper and lower mantle. An example of
a case in which the heating is concentrated toward the equator is shown in Figure 2. For our models, we find
that the effect of melt on 𝛽 (equation (28)) is very important for matching the observed spatial pattern. In the
absence of this feedback (n𝛽 = 0), the surface heat flux is never greater in the equatorial regions.

This reversal in the spatial pattern is also sensitive to the depth at which the material properties change. To
illustrate this, we use a two-layer mantle model where the lower mantle has no melt and the upper mantle
has a constant melt fraction. With melt fractions less than ≈18%, there is not a strong enough effect from the
feedbacks to concentrate heating in the upper mantle. Figure 3 shows the ratio of the mean equatorial to polar
surface heat fluxes as a function of the starting depth of the melt (R𝜙0) and the fixed melt fraction in the upper
mantle. If the melt starts too deep or too shallow, the solution approaches the uniform mantle approximation
(more heating at the poles). At intermediate depths, the required result of heating concentrated toward the
equator is recovered. Because of this depth dependence, we can find a maximum value for R𝜙0 as a function
of the melt fraction, above which equatorial concentration of heat is not recovered. This maximum value for
R𝜙0 is equivalent to a minimum thickness of the partially molten region. In the full model the melt fraction
is controlled by a combination of 𝛾 and R𝜙0. If 𝛾 = 10−7 m/s, R𝜙0 must be less than 1600 km (a molten layer
>200 km thick) and if 𝛾 = 10−8 m/s, R𝜙0 must be less than 1700 km (a molten layer >100 km thick). These
values of 𝛾 correspond to maximum melt fractions of 20% and 25%, respectively.

5. Discussion

From the above we conclude that the Andrade model allows for a more realistic description of Io’s tidal dis-
sipation than the Maxwell model. Because Maxwell dissipation is a strong function of viscosity, it requires
unrealistically low viscosity values (∼1015 Pa s) to match Io’s observed dissipation. Analysis of the Andrade
model (section 2) predicts that viscous dissipation is negligible for Io given realistic viscosity values. This
implies Io is instead dominated by elastic and anelastic deformation. Despite the large number of parame-
ters in this model, only a few are important for determining the tidal response of Io. With this model we can
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Figure 4. Contour plot of (a) Re(k2) and (b) Im(k2) as a function of 𝛽0 and R𝜙0. Values of 𝛽0 that match the observed Im(k2) are low but within the range observed
by Jackson et al. [2004] (Figure 1). Colors are log scaled and white squares are runs that did not converge. Contours in both plots are the observed Im(k2) values
(same as Figure 1). For these plots the mantle G0 = 60 GPa, 𝜂 = 1021 Pa s, n = 1∕4, Tm = 1500 K, and Eb = 300 kJ/mol. Note that for the observed Im(k2) the
predicted Re(k2) shows very little variation.

match the inferred tidal dissipation, melt fraction, and spatial pattern of the volcanic landforms. Our parame-
terization for the melt dependence of anelastic dissipation (equation (28)) is undoubtedly simplified. Still, it is
consistent with the available, if sparse, experimental constraints. It would clearly be of great interest to derive
a better experimental parameterization in the future.

Our model shows that a partially molten mantle with melt fractions ≈25% can match the available obser-
vational constraints. However, this model is certainly not unique. For instance, “magma ocean” models that
incorporate a high melt fraction where the solid matrix disaggregates and fluid tidal heating is important
have also been proposed [Tyler et al., 2015]. Whether Io is in a configuration closer to our model or a magma
ocean state may be discerned by future measurements of Io’s Re(k2). Our models that match the observed
value of Im(k2) consistently give a value of Re(k2) = 0.09±0.02. This is demonstrated by Figure 4, which shows
how Re(k2) and Im(k2) covary. While it is beyond this scope of the work to make exact predictions, a magma
ocean model of Io’s interior (with a lid of 20 km) should have a value of Re(k2) ≈ 0.5 because of the effect of a
decoupling fluid layer on the tidal response of the overlying shell [Moore and Schubert, 2000]. A relatively thin
magma ocean might result in a resonant response, potentially further increasing the Love number [Kamata
et al., 2015]. Because of Io’s proximity to Jupiter, and consequently large tidal bulge, a value of Re(k2) in the
range we predict for a partially molten Io should be detectable by future spacecraft.

A rough calculation can be done to support the previous statement by comparing to the measured Re(k2) of
Titan measured by Cassini [Iess et al., 2012]. The height of the time-varying part of the tidal bulge raised on a
satellite (which determines whether k2 is detectable) can be approximated by

H = 3 e h2
M
m

(R
a

)3

R. (29)

Here e is the satellite eccentricity, M is the mass of the parent body, m is the satellite mass, a is the orbit semi-
major axis, and R is the satellite radius. If the body is hydrostatic we can estimate h2 = 1+ k2. We can compare
the size of the tidal bulge that would be raised on Titan to that expected for Io

HIo

HTitan
=

eIo

eTitan

h2 Io

h2 Titan

MIo

MTitan

mTitan

mIo

(
RIo

RTitan

)4 (aTitan

aIo

)3

(30)

≈ 4.2
h2 Io

h2 Titan
= 4.2

1 + k2 Io

1 + k2 Titan
(31)

Using the hydrostatic approximation, k2 Titan = 0.6, and our estimates for k2, Io should have a signal ∼3 times
larger than Titan’s.
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6. Conclusion

With the Andrade model we are able to match Io’s tidal dissipation while using an unmolten viscosity similar
to that of the Earth. The large number of free parameters limits our ability to find a unique solution for the
structure of Io. That said, many of the relevant parameters have a very small effect on Im(k2), allowing others
to be constrained. If this partially molten model is correct (as opposed to a magma ocean model), the partially
molten region needs to be >100 km thick to match the observed distribution of volcanoes. This is consistent
with the induction measurements that imply that the partial melt region is >50 km thick. Our model predicts
that a value of Re(k2) = 0.09 ± 0.02. Alternative models that invoke a very high melt fraction (magma ocean)
should produce a larger value, Re(k2) ∼ 0.5.

Appendix A: Analytic derivation

k2 =
3
2

1 + 19
2
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(A1)

𝜇∗ = 1∕J∗ (A2)
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Solve for k2i
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Figure A1. Contours of Im(k2) as a function of Rigidity (G0) and the Andrade parameter 𝛽 for a uniform Io
(equation (11)). The three contoured values from left to right are 0.012, 0.015, and 0.018. The color represents G0A
showing how Im(k2) is independent of G0 for G0A> 1. This plot uses n = 0.33. Changing the value of n shifts the
solution curves left or right but the inflection point is consistently at G0A ∼ 10−1.
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To validate this, the measure G0A was plotted in the G0 − 𝛽 space (Figure A1). Contour lines are solutions that
give Im(k2) of 0.012, 0.015, and 0.018, respectively. Note that the solution curves are independent of rigidity
until G0A ∼ 10−1.
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