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a b s t r a c t
In stark contrast with its neighbor moon Enceladus, Mimas is surprisingly geologically quiet, despite an
eccentric orbit and distance to Saturn prone to levels of tidal dissipation 30 times higher. While Mimas’
lack of geological activity could be due to a stiff, frigid interior, libration data acquired using the Cassini
spacecraft suggest that its interior is not homogeneous. Here, we present one-dimensional models of the
thermal, structural, and orbital evolution of Mimas under two accretion scenarios: primordial, undifferentiated formation in the Saturnian sub-nebula, and late, layered formation from a debris ring created by
the disruption of one or more previous moons. We ﬁnd it diﬃcult to reproduce a differentiated, eccentric
Mimas under a primordial accretion scenario: either Mimas never differentiates, or the internal warming
that leads to differentiation increases tidal dissipation, yielding runaway heating that produces a persistent ocean, thereby circularizing Mimas’ orbit. Only if Mimas accretes very early (so that the decay of
short-lived radionuclides initiates differentiation) but its rheology is not highly dissipative (in order to
stop runaway tidal heating even if the eccentricity is not negligible) can the simulations match the observational constraints. Alternatively, a late, layered accretion scenario yields a present-day Mimas that
matches observational constraints, independently of the magnitude of tidal dissipation. Consistent with
previous ﬁndings, these models do not produce an ocean on Enceladus unless its orbital eccentricity is
higher than today’s value.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
Mimas, Saturn’s innermost mid-sized moon, displays a geologically old, inactive surface. This is puzzling, because one would
expect Mimas to be prone to higher levels of tidal dissipation
than its highly active neighbor moon Enceladus: Mimas is closer
to Saturn (lower semi-major axis a), and its orbital eccentricity e is higher. The rate of tidal dissipation is proportional to
R5 a−7.5 e2 , where R is Mimas’ radius (Peale, 1999; Wisdom, 2008).
Since RMimas ≈ 0.8 REnceladus , aMimas ≈ 0.8 aEnceladus , and eMimas ≈
4.2 eEnceladus (Table 1), the product R5 a−7.5 e2 is roughly 30 times
higher for Mimas than for Enceladus. The surface expression of
strong tidal heating would have likely been detected by Cassini
instruments. Although a thermal anomaly was observed on Mimas’ surface by Cassini’s Composite Infrared Spectrometer, it was
attributed to the alteration of Mimas’ surface texture by energetic
electrons from Saturn’s magnetosphere (Howett et al., 2011). High
dissipation would be associated with high tidal stresses that could
lead to fracturing as on Europa or Enceladus, but widespread frac∗
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turing is not observed on Mimas (Rhoden et al., 2017). Moreover,
tidal dissipation inside Mimas would tend to circularize its orbit
(Goldreich and Soter, 1966) regardless of the (debated) extent of
dissipation inside Saturn (Meyer and Wisdom, 2007; Lainey et al.,
2012). Yet Mimas’ orbit is four times as eccentric as Enceladus’, despite an absence of eccentricity resonance with other moons. [Mimas’ inclination is likely maintained by a 2:1 mean motion orbital
resonance with Tethys (Peale, 1976).] Together, these observations
suggest that Mimas’ interior may be too cold to experience significant tidal dissipation.
These considerations contrast with recent inferences of Mimas’
internal structure from Cassini measurements of Mimas’ physical
libration (Tajeddine et al., 2014). These measurements suggest that
Mimas’ interior is not homogeneous, as might be expected if the
moon formed early in solar system history in the Saturnian subnebula, akin to the Jovian moons (Peale, 1999), and never subsequently experienced any signiﬁcant geological activity. Two differentiated structures compatible with libration measurements were
proposed by Tajeddine et al. (2014): an elongated (non-hydrostatic)
rocky core and icy shell; or a hydrostatic interior with a subsurface ocean overlain by an icy shell. The latter structure seems
unlikely given Mimas’ eccentric orbit and lack of surface expression of internal activity. Could Mimas have differentiated from an
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Table 1
Physical and orbital properties of Mimas and Enceladus. a Thomas (2010).
b
Thomas et al. (2016). c Calculated using masses from Jacobson et al.
(2006). d Effective temperatures calculated from bolometric albedos of 0.49
and 0.81, respectively (Howett et al., 2010). e Hamilton and Burns (1994).
f
Jacobson (2010). g Porco et al. (2006).
Parameter
Mean radius
Mean density
Surface temperature
Semimajor axis
Orbital eccentricity

Symbol
R

ρ
Tsurf
a
e

Units
km
kg m−3
K
km

Mimas
a

198.2
1149c
76d
185,539e, f
0.0196f

Enceladus
252.0a, b
1611c
59d
237,948e, f
0.0047f, g

initially homogeneous state without experiencing runaway tidal
dissipation?
Alternatively, the initial state of Mimas need not have been
homogeneous. Crater distributions on Mimas, Enceladus, Tethys,
and Dione suggest that over the age of the solar system, midsized moons can undergo disruptive collisions (Smith et al., 1982),
perhaps explaining Saturn’s dense ring as debris of disrupted
moons (Peale, 1999) and the dynamical youth of its moon system
(Asphaug and Reufer, 2013). Under this scenario, estimates for the
time of formation of the current set of moons vary from between
4.5 and 2.5 Gyr ago (Charnoz et al., 2011) to as recently as 0.1 Gyr
ago (Ćuk et al., 2016), although the cratering ages may not support
such youthful moons if craters are due to heliocentric impactors.
Notably, these scenarios favor accretion of a rocky core prior to
that of an ice mantle (Charnoz et al., 2011), because rock has a
higher cohesive strength than ice, and therefore a smaller Roche
lobe inside which accretion is prevented by tidal forces that overcome cohesion. Thus, a rock-rich seed may accrete between the
Roche limits of rock and ice, then move out of the ice Roche lobe
due to the transfer of angular momentum resulting from raising
tides on fast-spinning Saturn. In this case, the current moons could
have started out with a rocky core differentiated from an icy shell,
without having to invoke post-accretion differentiation processes.
To constrain possible origin and evolution scenarios, we present
numerical simulations of the thermal and geophysical evolution of
Mimas, from its formation to the present day. We describe our numerical models in Section 2, and simulation results in Section 3. In
Section 4, we identify two scenarios compatible with (a) the analysis of Mimas’ libration by Tajeddine et al. (2014), which requires
a differentiated Mimas that has either a global subsurface ocean or
a non-hydrostatic core; (b) the present-day eccentricity of Mimas’
orbit; and (c) the lack of surface manifestations of current internal
activity. The ﬁrst scenario assumes that Mimas forms as a homogeneous mixture of ice and rock in the Saturn subnebula, in the ﬁrst
few millions of years after the birth of the solar system; to differentiate, Mimas must accrete no later than 2 Myr after the formation of Ca-Al-rich inclusions (CAIs). The second scenario assumes
a layered (differentiated) accretion later in solar system history. In
Section 5, we conclude on what these scenarios imply for Mimas’
origin.
2. Thermal evolution model

and icy materials as well as high-pressure phases of ice (signiﬁcant
above this range). This code was subsequently modiﬁed to include
a detailed model of the effects of core fracturing, hydrothermal circulation, rock hydration and dehydration (Neveu et al., 2015), and
incomplete differentiation due to suspension of ﬁne-grained rock
in the ocean and ice shell (Neveu and Desch, 2015). Here, we further enhance the code to include the effects of tidal heating and
porosity, making it applicable to moons as small as Mimas and
Enceladus.
Inputs to the code are body radius, density, ammonia and ﬁnegrained rock content, dry and hydrated rock densities (here 3800
and 2900 kg m−3 , respectively), initial degree of rock hydration,
surface temperature, initial temperature (isothermal radial proﬁle),
time of formation, and total simulation time. From the density input, a bulk rock-to-ice ratio is determined. The initial structure
is assumed either homogenous or fully differentiated between ice
and “rock” (organics and silicates with the radionuclide content
of CI chondrites). Mass is distributed assuming spherical symmetry on a ﬁxed-volume one-dimensional grid, with a speciﬁed number of zones (here, 200) evenly distributed in radius. The internal
energy in each grid zone is computed from the initial temperature using equations of state, detailed by Desch et al. (2009), for
rock and ice (water ice I, liquid water, liquid ammonia, and ammonia dihydrate I). Any accretional heating is assumed dissipated
before the simulation starts. Heat transfer, solved using Eq.(1) of
Neveu et al. (2015) using a ﬁnite-difference method and a 50year time step, is assumed conductive. However, convection can
occur in the ice shell and/or fractured core (hydrothermal circulation) if the Rayleigh number appropriate for convection between two plates or appropriate for porous media, respectively, exceeds a critical value (Neveu et al., 2015). If so, an effective thermal conductivity is calculated in convective grid zones through
multiplication by the Nusselt number, which represents the
ratio of convective to conductive heat ﬂuxes, and which is a function of the Rayleigh number (Desch et al., 2009). In liquid grid
zones, an effective thermal conductivity is set to 400 W m−1 K−1 ,
high enough to yield a nearly isothermal liquid layer, yet suﬃciently low to satisfy the Courant criterion.
2.2. Modeling tidal dissipation
Tidal dissipation in a moon is caused by a lag in the response
of its materials to temporal variations of the local gravitational potential of its host planet along the moon’s orbit. These variations
can be caused by nonzero values for the moon’s orbital eccentricity, obliquity between its equator and orbital plane, and libration,
as well as asynchronous spin and orbital periods. Eccentricity effects typically dominate tidal dissipation.
We account for the effects of tidal dissipation averaged with
latitude and longitude by adding an extra heating rate in each grid
zone i, Qi, tide in watts, to the heat transfer Eq.(1) of Neveu et al.
(2015). We only consider dissipation in ice due to orbital eccentricity, and truncate tidal equations to second order in spherical harmonics. Following Tobie et al. (2005), we express the tidal heating
rate in a given grid zone as the product between the volume Vi of
this zone and a radially-dependent, volumetric tidal heating rate:

2.1. Code used as a starting point
We model the thermal evolution of Mimas using a code created by Desch et al. (2009), which performs time-dependent calculations of the internal temperature proﬁle and structure of bodies made of rock and ice, including the effects of differentiation
and ammonia. This code, initially applied to the thermal evolution
of Kuiper belt objects, was applicable to non-tidally heated objects
roughly 300 to 1500 km in radius, as it neglected porosity (signiﬁcant below this radius range) and the compressibility of rocky

Qi,tide = Vi ×

21 ω5 R4 e2
Hμ Im(μ(ω ))
10
ri2

(1)

Here, ri is the radius of grid zone i; ω is the angular frequency
of degree-2 tides, taken
equal (if the moon is tidally locked) to the
orbital mean motion
GM/a3 , where G is the gravitational constant and M the mass of the planet that the moon orbits; Im(μ(ω))
is the imaginary part of the layer material’s complex, frequencydependent shear modulus (or rigidity); and Hμ represents the ra-
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dial sensitivity of the tidal strain energy to this shear modulus.
This is Tobie et al. (2005)’s equation (37), except that our opposite convention for the ﬁfth radial function y5 (see below) leads to
Eq. (1) above containing Im(μ) rather than −Im(μ ).
2.2.1. Calculation of the viscoelastic shear modulus μ(ω)
The formulation adopted for μ(ω) depends on the choice of viscoelastic model. Here, we implement the Maxwell, Burgers, and
Andrade rheologies (Henning et al., 2009; Shoji et al., 2013), leaving the choice of model to user input. The Maxwell formulation
describes the viscoelastic response of the material (here, ice and/or
rock) to tidal forcing at frequency ω through its viscosity η and
elastic rigidity μE :

μ (ω ) =

μ2 ω η
μE ω 2 η 2
+i 2 E 2 2
2
2
2
μE + ω η
μE + ω η

(2)

where i2 = −1.
The Burgers formulation accounts for the transient response of
the material through two additional parameters, a transient viscosity η2 and transient rigidity μ2 :

μ (ω ) =

ω2 (C1 − η2 C2 /μ2 )
ω (C2 + η2 ω2 C1 /μ2 )
+i
2
2
2
C2 + ω C1
C22 + ω2 C21

(3)

with

C1 =

1

μ2

+

η2
1
+
μ2 η μE

(4)

and

C2 =

1

η

−

η2 ω 2
.
μ2 μE

(5)

Following Shoji et al. (2013), we adopt μ2 = μE and η2 =
0.02 η.
In the empirical Andrade formulation,

1

μ (ω )

=

 1
 απ 

+ ω−α βA cos
(α + 1 )
μE
2
 1
 απ 

−i
+ ω−α βA sin
(α + 1 )
ηω
2

(6)

with βA = 1/(μE τAα ), where τ A is the Andrade time, here assumed
equal to the Maxwell time τM = η/μE ; and  is the gamma function.
Viscosities are computed as σ ( ˙ )/(2 ˙ ) (Barr and Pappalardo,
2005), where σ , the differential stress, is equated with the overbearing (hydro- and/or lithostatic) pressure divided by (1-porosity)
(see Section 2.3). Flow laws σ ( ˙ ) are generally expressed as:



˙ = Aσ d

n −p

Ea + PV
exp −
Rgas T



(7)

Here, A is a dimensionless material parameter, d is the grain
size, p is the grain size exponent, Ea is the creep activation energy
of the material, P is the pressure, V is the creep activation volume,
and Rgas is the ideal gas constant. For ice, we adopt the composite
ﬂow law of Goldsby and Kohlstedt (2001):



˙ ice = ˙ dislocation
+ ˙ diffusion

creep

+

creep .

1
˙ grain

boundary sliding

+

−1

1
˙ basal

slip

(8)

The strain rate for rock is calculated as a function of that
for hydrated and dry end-members as ˙ rock = Xhydr ˙ hydr + (1 −
Xhydr ) ˙ dry , where Xhydr represents the degree of hydration of rock
and is 0 at 850 K, 1 at 700 K, and varies linearly with temperature in between (Xhydr can only increase in grid zones containing
both fractured rock and liquid water at T<850 K, and can initially
be set to any value between 0 and 1). This treatment is consistent
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with that of Neveu et al. (2015), who varied many thermo-physical
properties of rock, but not its strain rate, as a function of its degree
of hydration. Adopted ﬂow law parameter values are indicated in
Table 2 for hydrated rock (Rutter and Brodie, 1988; Neveu et al.,
2015), dry rock (Korenaga and Karato, 2008), and ice (Goldsby and
Kohlstedt, 2001; Rubin et al., 2014). In calculating a viscosity for
rock, we implicitly assume a ductile behavior, even though it is
much more likely that any rock inside Mimas undergoes brittle deformation instead. However, viscosity is a necessary parameter in
the viscoelastic model adopted in this study (Eqs. (2)–(6)), and it
must be evaluated at all depths, including rocky areas, in order to
be able to use the propagator matrix method to compute tidal displacements (Section 2.2.2).
Goldsby and Kohlstedt (2001) accounted for “premelting” (formation of a liquid water ﬁlm at grain boundaries and junctions)
by specifying slightly different formulations for grain boundary
sliding-accommodated basal slip above 255 K, and for dislocation
creep above 258 K. However, we ﬁnd that the alternate formulation for dislocation creep above 258 K results in a discontinuity
that spuriously increases the ice viscosity by a few orders of magnitude within a few kelvin of 258 K at the overbearing stresses
relevant to Mimas (0.1–10 MPa; the kink is shown in Fig. 3 for a
stress of 1 MPa). This is an artifact of the formulation by Goldsby
and Kohlstedt (2001), because premelting should, if anything, decrease the viscosity. We have veriﬁed with simulations that this
can signiﬁcantly affect our results by spuriously impeding the positive feedback between tidal dissipation, ice temperature, and ice
viscosity. Therefore, we choose to use the T < 258 K formulation
for dislocation creep up to 273 K. As a result, our computed ice viscosities may be slightly overestimated between 258 K and 273 K,
resulting in conservatively low estimates of tidal dissipation.
In rock-ice mixtures, we assume that creep follows the ice ﬂow
law for a minimum ice volume fraction Xi, ice > 0.3; i.e., rock grains
are barely in contact and deformation is controlled entirely by the
ice. Otherwise, ˙ is scaled geometrically (Roberts, 2015):

log( ˙ ) =

(Xi,ice ) log( ˙ ice ) + (0.3 − Xi,ice ) log( ˙ rock )
0.3

(9)

For consistency, we also use this scaling to compute solid-state
convection in a muddy ice shell, instead of that adopted by Neveu
and Desch (2015), which consisted in dividing the ice viscosity by a
factor 1 − (1 − Xi,ice )/0.63, where 0.63 represents the critical packing fraction of rock grains.
We approximate the effects of ammonia in lowering the viscosity of the ice, as the viscosities of ammonia-water mixtures are
poorly known. We assume that the ice viscosity is lowered by 3
orders of magnitude between 140 and 176 K (the NH3 -H2 O eutectic temperature), 8 orders of magnitude between 176 and 250 K,
and 15 orders of magnitude between 250 K and the melting point
of pure water (Arakawa and Maeno, 1994, and references therein)
in layers containing over 1% ammonia with respect to water. It is
assumed that ammonia is well mixed in undifferentiated ice and
in the ocean, but that any refreezing of ice concentrates ammonia into the remaining liquid layers until a eutectic composition is
reached (Desch et al., 2009), in which case many refrozen layers
are ammonia-free.
The elastic shear modulus of ice is taken to be 4 GPa (Tobie
et al., 2005; Roberts and Nimmo, 2008). We compute the shear
modulus of rock using those of hydrated and dry silicates, according to their degree of hydration Xhydr , which is 0 for dry rock and
1 for hydrated rock (Neveu et al., 2015):

μE = Xhydr

Ehydr
2 1 + νhydr

+ 1 − Xhydr

Edry
2 1 + νdry

(10)

186

M. Neveu, A.R. Rhoden / Icarus 296 (2017) 183–196
Table 2
Creep law parameters for rock and ice. a In the constitutive ice ﬂow equations of Goldsby and Kohlstedt (2001), grain
boundary sliding and basal slip are modeled as occurring in parallel, whereas the strain rates due to volume diffusion
and dislocation creep are simply additive. The activation energy for dislocation creep above 258 K is indicated as 18
kJ mol−1 in their Table 5, but this is a typo (see their Section 5.4). b Synthesized by Rubin et al. (2014) after the
experimental results of Goldsby and Kohlstedt (2001). c Rutter and Brodie (1988). d Korenaga and Karato (2008).
Creep process

A

Dislocation creep (T ≤ 258 K)
Dislocation creep (T > 258 K) a
Grain boundary sliding (T ≤ 255 K) a
Grain boundary sliding (T > 255 K) a
Basal slip a
Volume diffusion b
Hydrated rock diffusion creep c
Dry rock diffusion creep d

−4.0

−1

4.0 × 10 MPa
s
6.0 × 1028 MPa−4.0 s−1
−3
−1.8
3.9 × 10 MPa
m1.4 s−1
3.0 × 1026 MPa−1.8 m1.4 s−1
5.5 × 107 MPa−2.4 s−1
3.02 × 10−14 MPa−1 m2 s−1
105.62 MPa−1 m3 s−1
105.25 MPa−1 m3 s−1

a

5

n

p

Ea (kJ mol−1 )

V (cm3 )

4.0
4.0
1.8
1.8
2.4
1
1
1

0
0
1.4
1.4
0
2
3
2.98

60
180
49
192
60
59.4
240
261

0
0
0
0
0
0
0
6

with Young’s moduli Ehydr = 35 GPa and Edry = 200 GPa for
hydrated and dry silicates, respectively; and with Poisson’s ratios
ν hydr = 0.35 and ν dry = 0.25 (Neveu et al., 2015).
As for ˙ and therefore the viscosity η above, in layers containing mixed ice and rock with ice volume fractions Xi, ice < 0.3,
the rigidity μE is interpolated according to the scaling of Roberts
(2015):

modulus μ, density ρ , and gravitational acceleration g (assuming incompressibility, a sensible approximation for Saturn’s midsized moons). We solve these equations using the propagator matrix technique of Sabadini and Vermeersen (2004), treating any liquid layers as solid layers of low rigidity and viscosity as described
above. This technique is described in Appendix A.

(Xi,ice ) log(μEice ) + (0.3 − Xi,ice ) log(μErock )

2.2.3. Computing orbital evolution
Orbital evolution was accounted for in some simulations. The
changes in eccentricity e and semi-major axis a during a time
step
t (and corresponding change in tidal frequency ω) were
calculated using equations from Goldreich and Soter (1966), summarized by Barnes et al. (2008), and here reformulated in terms
of Qi, tide (Henning and Hurford, 2014) for a moon orbiting more
slowly than its planet spins:

log(μE ) =

(11)

0.3

If Xi, ice > 0.3, rock grains are assumed not in contact with each
other; therefore the material’s mechanical properties are equated
to those of ice. In layers containing more than 90% water or ammonia liquid, we follow a strategy similar to that of Roberts and
Nimmo (2008) and set the viscosity to 100 Pa s and the rigidity
to 1 kPa: these values are orders of magnitude lower than those
for solids, result in comparatively little tidal heating, yet are suﬃciently high as to avoid numerical instabilities in the calculation of
Hμ arising from large contrasts in properties at solid-liquid interfaces. Such an artiﬁcially high viscosity is solely used in the calculation of tidal dissipation; to compute other quantities such as the
Rayleigh number in liquid layers, viscosities are realistically calculated using Eq. (28) through (32) of Neveu et al. (2015).
2.2.2. Calculation of Hμ , the radial sensitivity of strain energy to μ
Tobie et al. (2005) derived an expression for Hμ as a function
of four radial functions, y1 (r) through y4 (r), that describe the radial
and tangential displacements and radial and tangential stresses, respectively. At degree 2, this equation is:

Hμ (r ) =

K − 2/3
4
r2
y3 −
3 |K + 4/3μ|2
r



−

|y4 |2
+ 24|y2 |2
|μ|2

( 2 y1 − 6 y2 )



dy∗1
4
r Re
( 2 y1 − 6 y2 )
3
dr

+6 r 2

μ

+

2

1
|2 y1 − 6 y2 |2
3
(12)

Here, K is the bulk modulus (compressibility) of the layer material. For consistency with the assumption of incompressibility below, we set K to an arbitrarily high value of 200 GPa, higher
than 10.7 GPa for ice (Tobie et al., 2005), Ehydr /[3(1 − 2νhydr )] =
39 GPa for hydrated silicates, and Edry /[3(1 − 2νdry )] = 133 GPa
for dry silicates (Neveu et al., 2015). Note that the deﬁnitions of
y2 and y3 are swapped compared to those of Tobie et al. (2005),
but consistent with Roberts and Nimmo (2008). y∗1 is the complex
conjugate of y1 .
The functions y1 through y4 , together with two additional radial functions, y5 (r) (degree-2 perturbed gravitational potential)
and y6 (r) (often called potential stress), satisfy six coupled ﬁrstorder linear differential equations that are also functions of shear

e=

a=

t ×

t ×

−

Qi,tide a
57 k2
+
GMm e
8 Q



i

−2

Qi,tide a2
k2
+3
GMm
Q
i

G/MR5p m e



a6. 5



G/MR5p m
a5. 5

(13)


(14)

Here, m refers to the mass of the moon, and Rp , k2 , and Q, respectively, to the radius, the degree-2 tidal potential Love number, and the bulk tidal quality factor (inverse of the mean angle
between the actual and frictionless tidal bulges) of the planet it
orbits. Moon-moon or moon-ring interactions are neglected. With
masses, Rp , and a appropriate for the Earth-Moon system, we calculate that the observed increase in the Moon’s semi-major axis
(about 3.8 cm per year) occurs for a tidal k2 /Q of the Earth of 58.
Assuming k2 ≈ 0.3 (Brosche and Sündermann, 2012) yields Q ≈
190, in between values for the solid Earth estimated at 160–480
(Lambeck, 1977). Tidal dissipation inside the Moon of  i Qi, tide ≤
0.002 erg g−1 yr−1 (Kaula, 1964) reduces this increase by about
0.5%. Canonical parameter values for our implementation of these
tidal models are summarized in Table 3.
2.3. Modeling porosity
Given Mimas’ small size and gravity, porosity may be non negligible. An initial, arbitrary bulk porosity φ 0 is assumed, typically
0.5. In the code, grid zone masses are kept at their porosity-free
values, but zone radii ri are scaled with the porosity in each zone
φ i : ri+1 = ri + r (1 − φi )−1/3 , with r the porosity-free grid step.
During a time step
t, pore spaces shrink and close by creep
(Neumann et al., 2014):

φi = t ( 1 − φ i ) ˙

(15)

The dependency of φ i on φ i itself reﬂects the attenuation,
due to the porosity, of the effective stress that causes creep. In
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Table 3
Canonical values for tidal model parameters. a Roberts and Nimmo (2008). b Neveu et al. (2015)
and references therein. c Tobie et al. (2005). d Shoji et al. (2013); their viscosity ratio range is
17–50. e Range 0.2–0.5 (Castillo-Rogez et al., 2011). f Lainey et al. (2017) reported k2 = 0.390 ±
0.024 and Q = 1570.8–4870.6.
Parameter

Symbol

Units

Value

Elastic rigidity

μE

Pa

K

Pa

Ice: 4 × 109 a
Hydrated rock: 13 × 109
Dry rock: 80 × 109 b
Ice: 10.7 × 109 c
Hydrated rock: 39 × 109
Dry rock: 133 × 109 b
50d
1d
0.3e
5.68 × 1026
58,232
0.39 f
2452.8 f
7.7 × 10−5

Bulk modulus

Transient to steady-state viscosity ratio
Transient to steady-state rigidity ratio
Andrade model parameter
Saturn’s mass
Saturn’s radius
Saturn’s degree-2 tidal Love number
Saturn’s tidal dissipation factor
Mimas’ tidal frequency

this simple approach, we neglect any speciﬁc intrinsic geometry
of the material, but more complex formulations can account for
this geometry (Neumann et al., 2014). The creep rate ˙ is calculated as in Section 2.2.1, using the ﬂow laws of Rutter and Brodie
(1988) and Korenaga and Karato (2008) for hydrated and dry rock
end-members, respectively; and the composite ﬂow law of Goldsby
and Kohlstedt (2001) for ice (Table 2). Cracked layers have an arbitrary porosity of 0.01 (Neveu et al., 2015).
Porosity decreases the thermal conductivities of rock and ice. To
account for this, the thermal conductivity of porous rock is multiplied by a factor [exp(−4 φi /0.08 ) + exp(−4.4 − 4 φi /0.17 )]1/4
(Krause et al., 2011). The thermal conductivity of ice is multiplied
by a factor (1 − φ /0.7 )4.1φ +0.22 (Shoshany et al., 2002). Both factors
are lower than 1, and equal to 1 if φ = 0. Thermal conductivities of
rock-ice mixtures are calculated following Desch et al. (2009).
3. Thermal evolution of Mimas
Thermal evolution scenarios for Mimas are depicted in Fig. 1,
along with present-day (4.57 Gyr) internal structures. In the
canonical scenario, it is assumed that Mimas accretes a homogeneous mix of ammonia-free water ice and rather dry rock (degree of hydration Xhydr = 10%), with a porosity of 50%, 5 Myr
after the formation of Ca-Al-rich inclusions (such that the shortlived radionuclide 26 Al is accreted), at initial temperature 100 K.
Its present-day eccentricity of 0.0196 (Table 1) is kept constant
through time. We consider variations from this scenario due to
varying levels of tidal dissipation (Fig. 1a,b,c), a lower initial porosity (Fig. 1d), orbital evolution (Fig. 1e), late layered accretion (Fig.
1f), accretion only 2 Myr after Ca-Al-rich inclusions, with higher
levels of 26 Al (Fig. 1g), and the effects of ammonia on the ice’s
melting temperature and viscosity (Fig. 1h). Below, we describe the
outcome of each of these scenarios in turn.
In the canonical scenario (Fig. 1a), the levels of tidal dissipation provided by the Maxwell rheology are too low to warm and
soften the ice suﬃciently for any signiﬁcant increase in dissipation.
Peak temperatures slightly above 150 K are reached at the center about 200 Myr after formation, due to the decay of long-lived
radionuclides. These temperatures cannot initiate melting and differentiation inside Mimas, but result in the compaction of pores
out to 175 km, leaving a porous near-surface layer about 25 km
thick (Fig. 1a). With the Burgers rheology, levels of dissipation are
slightly higher (not shown), but even with the more dissipative Andrade rheology Mimas experiences little internal heating (Fig. 1b).
Higher levels of tidal dissipation are therefore necessary to melt
ice in Mimas’ interior. If dissipation proceeds at ten times the levels obtained using an Andrade rheology, as recently suggested by
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experimental work (McCarthy and Cooper, 2016), Mimas’ center
reaches peak temperatures just below 273 K (Fig. 1c). However,
these temperatures are suﬃcient to melt ice bearing even just 2%
by mass of ammonia antifreeze (Fig. 1h). Ammonia also lowers
the ice viscosity, which leads to higher peak temperatures, bearing in mind that our treatment of the viscosity of NH3 -bearing ice
is crude. In this scenario, melting temperatures are reached at Mimas’ center within the ﬁrst few Myr, initiating ice-rock differentiation. Differentiation is complete by 20 Myr. Once emplaced, internal liquid is sustained as a subsurface ocean 20 km thick and
rich in NH3 until the present day. This is because this ocean underlays a layer of warm ice, whose low viscosity favors high tidal
dissipation (Fig. A.8). Thus, higher temperatures result in more dissipation, which in turn causes more heating in a positive feedback
loop (Fig. 5). Melting temperatures are less likely to be reached if
Mimas’ interior is less porous and insulating: for initial porosities
of 20% rather than 50%, internal temperatures are lower (Fig. 1d).
Although pure water ice does not melt if accretion takes place
5 Myr after CAIs, the heat of short-lived radionuclides is suﬃciently potent to melt Mimas’ interior if accretion takes place just
2 Myr after CAIs (Fig. 1g). In this case, the ocean does not persist past a few 100 Myr even if the eccentricity is kept constant
at 0.0196. Thus, while heating from short-lived radionuclide decay
can emplace an ocean inside Mimas, this ocean cannot persist unless its melting point and the viscosity of the ice above are lowered
by antifreezes such as ammonia. This holds even if tidal dissipation
occurs ten times above Andrade levels (simulation not shown).
The above simulations assume constant values for Mimas’ orbital semi-major axis and eccentricity. However, signiﬁcant tidal
dissipation quickly leads to orbital circularization, according to Eq.
(13). Indeed, the warm ice temperatures of Fig. 1c do not persist
longer than 100 Myr (Fig. 1e) when accounting for orbital evolution, and in the absence of any process able to raise Mimas’ orbital eccentricity other than tidal dissipation inside Saturn (even at
the low Q suggested by Lainey et al. (2017), in Table 3). This holds
even if the ice contains 2% ammonia (simulation not shown), although in this case Mimas’ interior differentiates out to a radius
185 km, neglecting any further crustal overturn by impacts. In the
ﬁrst 30 Myr, Mimas’ eccentricity decreases from the initial value of
0.0196 to below 0.001 (Fig. 2). Once the ocean has refrozen, the eccentricity rises again very slightly due to dissipation inside Saturn,
but remains negligible. The evolution of Mimas’ semi-major axis
is dominated by dissipation inside Saturn even when the ocean is
present. The semi-major axis increases steadily from 185,539 km
at the time of formation to 255,076 km after 4.57 Gyr. These orbital values do not match the present-day values, which were arbitrarily picked as initial conditions, but provide insight into how
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Fig. 1. Temperatures as a function of radius and time inside Mimas for the eight origin and evolution scenarios described in the text. Colors denote temperature, not
composition. Contours show temperatures by 50 K increments up to 300 K, then by 100 K increments. Present-day internal structures are shown to the right of each panel.
Liquid water is produced in scenarios (f), (g), and (h), but the results shown in (f) are inaccurate past 0.8 Gyr as major physical processes thought to occur above 10 0 0 K
are not modeled (see text). (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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Fig. 2. Evolution of Mimas’ orbital eccentricity (top) and semi-major axis (bottom)
for the scenarios of Fig. 1e (thin line), Fig. 4a, second panel (Q=2452.8; dashed line),
and Fig. 4b, top three panels (dotted lines). Unlike on those ﬁgures, here the time
axis scale is linear. Mimas’ eccentricity decreases early on due to tidal dissipation
in its interior, then increases due to dissipation inside Saturn. In contrast, Mimas’
semi-major axis is seldom affected by tidal dissipation in its interior: instead, its
evolution is shaped by tidal dissipation inside Saturn, and is the same in all scenarios (curves indistinguishable from one another for a given Saturn Q).
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geophysical and orbital processes inﬂuence each other. Starting Mimas closer to Saturn so that its present-day semi-major axis is
closer to the present-day position would likely enhance tidal dissipation and speed up orbital circularization; but we do not anticipate Mimas’ evolution to change appreciably.
In the simulation shown in Fig. 1f, we explored Mimas’ thermal
evolution for a layered formation 0.1 Gyr after CAIs. We assumed
accretion of fully hydrated rock on the grounds that rock hydration could have occurred in the interiors of prior generations of
moons; however, the degree of hydration of rock has little bearing
on the thermal evolution. In this scenario, the rocky core, in which
radiogenic heat is produced, reaches peak temperatures upwards
of 800 K about 0.75 Gyr after accretion (Fig. 1f). Such temperatures lead to rock dehydration (Neveu et al., 2015) and shrinking
of the core from a radius of 96 km initially to 84 km. Dehydration, which is endothermic, slows down the warming of the core
between 0.4 and 0.8 Gyr after formation, but it does not stall it. At
≈ 1 Gyr, the core is fully dry; yet it keeps warming due to trapped
radiogenic heat, which is transported too slowly through the warm
ice above, itself further warmed by tidal dissipation. In addition,
dissipation in the core becomes non negligible, as the viscosity of
hydrated rock decreases below 1025 Pa s for T > 840 K (Rutter and
Brodie, 1988). This can also be seen in the bottom right panel of
Fig. 4. Consequently, our simulation predicts runaway heating: increasing temperatures yield lower viscosities and therefore more
tidal dissipation in the core and shell. Past 1 Gyr, predicted temperatures and compositions are inaccurate, because our model neglects phenomena thought to occur beyond 10 0 0 K, such as partial
melting, which should consume latent heat and segregate an inner
metal-rich core from a rocky outer core. Moreover, intense dissipation would circularize the orbit (see Fig. 4b and dotted lines of
Fig. 2), but orbital evolution is neglected in this simulation.
Finally, we assessed the inﬂuence of our model of ice viscosity on the above results, by running simulations in which viscous
tidal dissipation is assumed newtonian (independent of the strain

Fig. 3. Inﬂuence of the ice viscosity law on thermal evolution simulations. a: Ice viscosities computed with the laws of Goldsby and Kohlstedt (2001) and Thomas et al.
(1987) as a function of temperature. The “premelting” formulation of Goldsby and Kohlstedt (2001) at 258 K is ignored; otherwise it results in a spurious viscosity increase
(shown for 1 MPa stresses as a black kink on the green curve). The 0.1 and 10 MPa stresses bracket pressures inside Mimas. The overlain horizontal lines indicate global
dissipation rates predicted for Enceladus’ interior, for a rigidity of order 1–10 GPa appropriate for ice (Fig. A.8); they show how sensitively global dissipation depends on
viscosity. b and c: Thermal evolution of Mimas under the same scenarios as shown in Fig. 1b and f, respectively, but with the viscosity law of Thomas et al. (1987) for ice
and that of Rutter and Brodie (1988) for rock regardless of its hydration. (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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Fig. 4. Thermal-orbital evolution scenarios compatible with Mimas’ internal structure, eccentric orbit, and lack of recent expression of geological activity. a: Mimas accretes
early enough for 26 Al decay heat to fully differentiate ice and rock, but tidal dissipation is insuﬃcient for ocean persistence. When the ocean freezes, the eccentricity has
been damped to 0.014 (Fig. 2); it subsequently increases back due to dissipation inside Saturn. Late eccentricities are higher than those that allowed early melting, but
dissipation cannot remelt Mimas’ ice shell, which has become too cold and viscous. b: Mimas accretes late from the debris of a previous generation of moons. Throughout
its history, its warm ice shell experiences high tidal dissipation, but this tends to decrease Mimas’ eccentricity (Fig. 2), such that tidal dissipation is insuﬃcient to cause
melting. Thus, Mimas’ internal structure remains unchanged, save for compaction of most of its internal porosity. These results depend little on the value of Saturn’s tidal Q
within the range determined by astrometry of its moons (Lainey et al., 2017). Bottom panels: distribution of tidal heating rates, with the same legend as in Fig. A.8.

rate), varying with ice temperatures as described by Thomas et al.
(1987):

η (T ) = 1014 exp[25 × (273/T − 1 )]

(16)

Ice viscosities calculated with this law are compared to those
calculated with that of Goldsby and Kohlstedt (2001) in Fig. 3a,
showing that the law of Thomas et al. (1987) can yield orders of

magnitude lower dissipation, even if we ignore feedbacks between
ice temperature and low ice viscosity. Indeed, simulations using
this law result in a colder Mimas: in the canonical scenario, at
Andrade levels of dissipation, internal temperatures barely exceed
150 K (Fig. 3b), whereas they exceed 200 K in most of Mimas’
interior for most of its history with the viscosity law of Goldsby
and Kohlstedt (2001) (Fig. 1b). However, in the scenario of late,
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Fig. 5. Key feedbacks affecting the internal evolution of icy moons, as modeled in this study. a: Radioactive decay and tidal dissipation heat the interior, driving differentiation, porosity reduction, and melting of ice into an ocean. The positive feedback loop linking heating, ice viscosity, and tidal dissipation (blue arrows) results in either
major or scarce internal activity, explaining the dichotomy in our simulations. In turn, differentiation and porosity reduction enhance conductive heat transport, cooling the
interior. Ammonia decreases both the melting point of ice and its viscosity. b: The same processes, spatially distributed. Tidal dissipation inside the moon is self-limiting: the
negative feedback loop between dissipation and orbital eccentricity is stronger than the positive feedback loop between dissipation and semi-major axis (Fig. 2). Dissipation
within Saturn increases Mimas’ semi-major axis and eccentricity over time. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
Table 4
Summary of simulation outcomes. Runs are named after the corresponding ﬁgure in which results are shown. Entries in italic indicate a mismatch with
observations. Bolded entries indicate the key parameter that was varied. For simulations 4a and b, present-day eccentricities are bracketed for values
of Saturn’s tidal Q between 1500 and 5000 (Lainey et al., 2017). a Present-day value, ﬁxed throughout the simulation. b This outcome was obtained
with core temperatures beyond the range of applicability of the code, and should be considered only qualitative. “CAI”: time of formation of Ca-Al-rich
inclusions.
Run

Inputs
Dissipation
level

1a
1b
1c
1d
1e
1f
1g
1h
4a
4b

1x Maxwell
1x Andrade
10x
Andrade
10x
Andrade
10x
Andrade
10x
Andrade
1x Andrade
10x
Andrade
1x Andrade
10x
Andrade

Outcomes

Accretion

Initial
porosity

Ammonia

Orbital
evolution?

Mimas differentiated?

Present-day
eccentricity?

Homogeneous, CAI+5 Myr
Homogeneous, CAI+5 Myr
Homogeneous, CAI+5 Myr

50%
50%
50%

None
None
None

Neglected
Neglected
Neglected

No
No
No

(0.0196)
(0.0196)
(0.0196)

a

Homogeneous, CAI+5 Myr

20%

None

Neglected

No

(0.0196)

a

No

−8

No
Yes

a
a

Homogeneous, CAI+5 Myr

50%

None

Yes

No

7.30 × 10

Layered, CAI+100 Myr

50%

None

Neglected

Yes

(0.0196)

a

Homogeneous, CAI+2 Myr
Homogeneous, CAI+5 Myr

50%
50%

None
2% in ice

Neglected
Neglected

Yes
Yes

(0.0196)
(0.0196)

a

Homogeneous, CAI+2 Myr
Layered, CAI+100 Myr

50%
50%

None
None

Yes
Yes

Yes
Yes

0.021-0.032
0.0 0 0210.0041

layered accretion (Fig. 1f), Mimas still undergoes runaway heating (Fig. 3c). Thus, the results presented in this section are sensitive to the speciﬁcation of ice viscosity in some (but not all)
cases.
4. Discussion
4.1. Implications for Mimas’ origin
The outcomes of our simulations are summarized in Table 4. Viable scenarios for Mimas’ origin and evolution must match the observational constraints of a present-day non-homogeneous internal
structure (Tajeddine et al., 2014), high orbital eccentricity of 0.0196
(Table 1), and lack of surface expression of recent geological activity. In the primordial accretion scenario, our simulations yield two
possible outcomes due to the strong positive feedbacks between

a

Present-day
ocean?
No
No
No

b

No
Yes
No
No

internal temperatures and tidal dissipation (Fig. 5). If dissipation
is stronger than with an Andrade rheology (McCarthy and Cooper,
2016) and the ice contains ammonia antifreeze, or if Mimas accretes very early (≤ 2 Myr after CAIs), differentiation occurs and an
ocean is emplaced. This quickly reduces the eccentricity of Mimas’
orbit. The magnitude of this reduction hinges on that of tidal dissipation: while dissipation at 10 times Andrade levels nearly circularizes Mimas’ orbit (Figs. 1e and 2), dissipation at Andrade levels
results in the ocean freezing and the ice stiffening before the eccentricity has decreased too much (Figs. 1g and 2). Subsequently,
the eccentricity increases back at a rate inversely proportional to
Saturn’s tidal Q; our low-Q simulations (Table 3) provide an upper
bound for this rate.
Otherwise, if Mimas accretes past 3 Myr and dissipation proceeds in pure water ice at levels obtained using a Maxwell,
Burgers, or Andrade rheology, it remains undifferentiated. A
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homogeneous structure is incompatible with the large libration
amplitude observed by Tajeddine et al. (2014). These authors
showed that on an undifferentiated Mimas, even an anomaly in
mass distribution caused by the crater Herschel (diameter 135 km;
depth 10 km; zero density in the crater) yielded too small a libration. The libration is also too small if Mimas is differentiated
with a hydrostastic core and the crater causes a porosity ≤ 45% at
depth ≤ 70 km. While Tajeddine et al. (2014) did not calculate the
libration amplitude caused by porosity (whether local below Herschel or global) inside an undifferentiated Mimas, we deem unlikely
that it would be high enough to match the Cassini observations,
because predicted amplitudes for craterless homogeneous and differentiated (solid) Mimas differ very little (Tajeddine et al., 2014).
Thus, only two scenarios, shown in Fig. 4, satisfy observational
constraints. The ﬁrst involves primordial accretion (Fig. 4a), and requires that Mimas accrete no later than 2 Myr after CAIs. 26 Al decay heat melts Mimas’ central regions, starting ice-rock differentiation. This leaves denser undifferentiated material overlying pure
water ice, a gravitationally unstable situation. Because of 26 Al decay heat, outer layers are warm enough to overturn by RayleighTaylor instability (Rubin et al., 2014), completing differentiation.
The ocean refreezes past ≈ 100 Myr because dissipation is too
low; crucially, it is limited by the ice rheology rather than the eccentricity as in Fig. 1e. Thus, at the time of freezing, the eccentricity is still a signiﬁcant fraction of today’s value (Fig. 2, dashed
curve); otherwise it would be much lower than observed, even today (Fig. 2, solid curve). The present-day value is e = 0.027 for Q
≈ 2500 (Table 3), but would be closer to the observed e = 0.0196
if Q were higher (e.g., 0.021 for Q = 50 0 0), if the ocean froze later,
and/or if Mimas’ interior were slightly more dissipative. High eccentricities occur too late to remelt ice, once Mimas’ interior is too
cold and viscous to experience major dissipation. The present-day
structure matches the observed libration (Tajeddine et al., 2014) if
Mimas’ rocky core is non-hydrostatic. This cannot be captured by
our 1-D models, but is plausible if, e.g., Rayleigh-Taylor instabilities with wavelengths of up to ∼ 10 km (Rubin et al., 2014), not
small compared to the size of Mimas’ core, deposited more rock
under downwelling diapirs. The semi-major axis is always larger
than observed (Fig. 2): Mimas likely accreted closer to Saturn than
simulated, in which case dissipation was higher, but a less dissipative (e.g., Maxwell) rheology could yield an outcome similar to
Fig. 4a.
In the alternate scenario (Fig. 4b), Mimas forms late and already differentiated (Charnoz et al., 2011). Even its deepest ice lies
within only 100 km of the frigid surface, and is poorly insulated
by overlying thermally conductive crystalline ice. Thus, although
the ice shell experiences signiﬁcant tidal dissipation (assumed at
10× Andrade levels), the associated gradual eccentricity decrease
(Fig. 2) prevents it from melting. Provided that Mimas’ rocky core
is slightly non-hydrostatic (which is plausible if Mimas ﬁrst accretes a core of rock < 100 km in radius), this scenario produces a
present state that matches the observed libration (Tajeddine et al.,
2014). The resulting eccentricity is over one order of magnitude
lower than observed, but would be higher if dissipation was assumed lower (e.g., 1× Andrade levels). Because of the high ice
shell porosity that inhibits conductive heat transfer, the core becomes hot enough to dehydrate; upon dehydration it may adopt a
shape closer to hydrostatic. This does not happen in the primordial
scenario above, because the ice porosity collapses upon softening,
melting, and differentiation; porosity collapse allows the core heat
to be more eﬃciently conducted out to space, thereby keeping the
core below 150 K past 400 Myr (Fig. 4a). Thus, a present-day nonhydrostatic core must have stayed suﬃciently cold to avoid deformation into a hydrostatic shape. An observational conﬁrmation of
the non-hydrostaticity of Mimas’ core would therefore place an upper limit on the peak temperatures experienced by the core, ruling

out those late-origin scenarios in which the core gets too hot (F.
Nimmo, personal communication). The scenario depicted in Fig. 4b
is a hot end-member for such scenarios because we have assumed
accretion at 100 Myr after CAIs, a time where Mimas would have
accreted signiﬁcant amounts of long-lived radionuclides. For later
accretion times, with less radioactivities, the core may not become
hot enough to lose a non-hydrostatic shape.
Therefore, our thermal evolution simulations suggest that Mimas’ libration is compatible either with a very early primordial
origin, or with a late, layered origin from a debris ring (Charnoz
et al., 2011). Other authors (Asphaug and Reufer, 2013; Ćuk et al.,
2016) have also suggested a late origin for these moons; their scenarios should be investigated further to determine whether they
are compatible with a differentiated start, e.g. following the layered accretion mechanism of Charnoz et al. (2011). In either scenario, the evolution of Mimas does not depend much on Saturn’s
tidal Q parameter (Fig. 4), within the bounds of 150 0–50 0 0 determined by astrometry of its moons (Lainey et al., 2017). One should
also keep in mind that in this paper, we have neglected any orbital
evolution due to gravitational interactions between Mimas and Saturn’s rings, predicted to dominate over Mimas-Saturn interactions
at semi-major axes smaller than 220,0 0 0 km (including Mimas’
present-day semi-major axis of 185,539 km; Charnoz et al., 2011).
We have also neglected interactions between Mimas and other
moons, in particular past resonances that may have raised Mimas’
eccentricity even as it experienced strong tidal dissipation. This includes scenarios with a present-day ocean (Noyelles et al., 2016).
4.2. Key trends in Mimas’ thermal evolution
The above scenarios in which Mimas accretes homogeneous,
and can subsequently differentiate, allow us to investigate the inﬂuence of differentiation on thermal evolution. In our code (Desch
et al., 2009; Neveu et al., 2015), ice has a higher thermal conductivity (567/T W m−1 K−1 ) than rock (1 W m−1 K−1 and 4.2 W
m−1 K−1 for hydrated and dry end members, respectively). Thus,
undifferentiated ice-rock mixtures are more insulating than ice
alone, but more conductive than rock alone. In scenarios where no
differentiation occurs, internal temperatures are kept low through
a combination of radiogenic heat production distributed throughout the moon and relatively eﬃcient conductive outward heat
transport. Full ice-rock differentiation does not necessarily favor
an ocean either: in this conﬁguration, volatiles are closest to the
surface and separated from it only by conductive crystalline layers that keep them cool. Internal structures most favorable for the
emplacement of an ocean are those arising from partial differentiation, which promotes both relatively insulating ice-rock layers near
the surface, and storage of radiogenic heat in the central regions in
contact with the base of the overlying hydrosphere.
The ocean could also be maintained by hydrothermal circulation in a cracked core (Neveu et al., 2015), which would eﬃciently
transport core heat outwards by convection. However, in the above
simulations that produce an ocean, hydrothermal circulation does
not occur: in the scenario of accretion at 2 Myr after CAIs (Fig. 1g),
even though the core is almost entirely fractured by thermal pore
pressurization, the outermost core layers do not get heated suﬃciently to be cracked by this process, and other fracturing mechanisms (thermal expansion anisotropy at grain boundaries, or rock
volume changes due to changes in its degree of hydration) do not
produce enough stress to fracture these layers. In practice, latitudinal or longitudinal variations in internal heating and stresses (e.g.,
due to large impacts or spatial variations in mean surface temperatures) could locally fracture the outer core, allowing hydrothermal
circulation and thereby favoring liquid persistence. In the scenario
with ammonia of Fig. 1h, the core never gets suﬃciently heated or
cooled to fracture altogether. In the late, layered accretion scenario

M. Neveu, A.R. Rhoden / Icarus 296 (2017) 183–196

of Fig. 1f, the core gets fractured, but cracks heal due to high core
temperatures before liquid is produced in the shell.
Thus, in general, the evolution of Mimas follows one of two
paths: either Mimas’ interior gets warm enough for runaway tidal
heating to take place and maintain an ocean (Fig. 1f and h); or the
interior ice remains cold, brittle, and unmelted (Fig. 1a–d). This
is due to the strong positive feedback of tidal heating on internal temperatures, inﬂuenced by the presence of antifreezes, which
lower the ice viscosity and its melting point. However, no matter
the level of tidal dissipation, this feedback can be impeded by orbital circularization (Fig. 1e). The feedbacks governing Mimas’ internal evolution are illustrated in Fig. 5.
The scenarios shown in Fig. 1 all assume an initial isothermal
temperature proﬁle of 100 K. This temperature is slightly higher
than the effective surface temperature of Mimas (76 K), calculated from energy balance at the semi-major axis of Saturn’s orbit around the Sun, given a bolometric albedo of 0.49 (Howett
et al., 2010). A higher initial temperature may reﬂect both the
lower albedo expected for undifferentiated material, possibly enriched in rock and solids compared to the present-day surface, and
a small contribution from the conversion of potential energy into
heat during accretion. With a start warmer than 100 K, the ice can
become suﬃciently ductile (η ∼ 1019 Pa s at 200 K, as opposed to
1034 Pa s at 100 K) for tidal dissipation to induce runaway heating
of Mimas’ interior. We do not expect the subsequent thermal evolution to change drastically for initial temperatures below 100 K,
which would likely at most delay ocean emplacement in relevant
cases.
In the absence of strong dissipation inside Mimas (< 0.1 ×
(2500/Q) GW), tidal dissipation inside Saturn dominates Mimas’ orbital evolution, resulting in net increases in eccentricity and semimajor axis (Fig. 2). Tidal heating exceeds 0.1 GW if the ice is
warmer than about 200 K with the Andrade rheology, but not until
ice melts with the Maxwell rheology (Fig A.8). In this case, the eccentricity decays quickly unless maintained by an eccentricity resonance, which has not been observed for Mimas. In addition to
eccentricity, Mimas’ nonzero obliquity also causes tidal dissipation.
However, to ﬁrst order, the contribution of obliquity is seven times
lower than that of eccentricity (Nimmo and Spencer, 2015), and
Mimas’ obliquity of about 6 × 10−4 radians (Noyelles et al., 2011)
contributes only about 0.5% of the dissipation arising from its eccentricity.
In this study, we have assumed that upon differentiation all of
the rock goes into the core. In practice, the fraction of rock that
makes up ﬁne grains may be retained in the ocean and/or ice
as “mud” (Bland et al., 2013). While our code is able to model
this process (Neveu and Desch, 2015), we have neglected to do
so here for several reasons. First, we have sought to understand
how complex geophysical-orbital feedbacks operate on Mimas, at
the expense of the extra realism provided by accounting for mud
layers that complicate the picture. Second, we seek to provide a
uniﬁed model for the evolution of Mimas and Saturn’s other midsized moons, including Enceladus, which seems mud-free based on
its nearly pure-ice surface and H2 O-rich plume. This suggests that
mud may not play a large role in Enceladus’ outer layers, so we
assume it does not on Mimas either. Finally, the presence of mud
seems less relevant in cases of layered formation, in which a rock
seed accretes icy ring particles.
4.3. Special circumstances still warranted for Enceladus
Any satisfactory model for Mimas’ evolution must also consistently reproduce the present state of Saturn’s other mid-sized
moons under the assumption of a common scenario for their origin. As noted by many studies, this remains a major challenge, especially to explain Enceladus’ ongoing level of geological activity
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Fig. 6. Temperatures as a function of radius and time inside Enceladus for the three
origin and evolution scenarios described in the text. Orbital parameters are maintained at their present-day values. Liquid water is not produced in scenario (a)
where Enceladus’ current eccentricity of 0.0047 is assumed constant through time.

(Schubert et al., 2007; Malamud and Prialnik, 2013; Czechowski
and Witek, 2015). We applied our canonical model to Enceladus,
with the parameters of Table 1 and ﬁxing the orbital eccentricity
and semi-major axis to the present-day values (Fig. 6a). This model
produces a present-day ocean only if the ice initially contains 2%
ammonia by mass, if e is ﬁxed at a value ࣡ 0.015, twice the
present-day value, and if the surface temperature is ≥ 72 K (the
effective temperature for a bolometric albedo of 0.6 comparable to
that of Rhea, which might be expected for Enceladus were it not
coated by reﬂective snow from its South Pole geysers). If all three
conditions are met, the ocean is a few kilometers thick (Fig. 6b)
and rich in ammonia (close to the eutectic composition), whereas
Cassini measurements suggest that ammonia may be present only
at the sub-percent level (Bouquet et al., 2015). Latitudinal variations in ocean thickness suggested by gravity (Iess et al., 2014) and
libration measurements (Thomas et al., 2016) cannot be captured
by our 1-D models. As in simulations of Mimas, hydrothermal circulation does not occur because the outermost core layer is not
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fractured; otherwise it could help maintain the ocean by more efﬁciently transporting core heat outwards.
If Enceladus accretes late and layered (Fig. 6c), its early evolution is similar to that of Mimas under the same assumptions
(Fig. 1f), but Enceladus does not experience later runaway melting. Redoing this simulation with 2% ammonia, we ﬁnd that this
triggers a brief episode of ice melting; however the ocean is shortlived (≈ 300 Myr) even without accounting for orbital evolution.
For consistency with our simulations of Mimas, we assumed
for these models of Enceladus a rock (core) density no lower than
2900 kg m−3 , but Cassini measurements suggest a core density
closer to 2400 kg m−3 (Iess et al., 2014). While we emphasize
again that our thermal evolution simulations have low sensitivity
to rock density, such a low core density may imply that the rock is
porous and the core also contains low-density volatiles. Thus, investigations of increased levels of dissipation in a rock-water core
(Roberts, 2015), and/or of orbital evolution, are promising steps towards a consistent picture of the Mimas/Enceladus dichotomy and
the present state of Saturn’s mid-sized moons.

a present-day ocean; therefore it is presumed that the libration
constraint on internal structure is satisﬁed by a non-hydrostatic
core, even though such a structure cannot be explicitly modeled
with our 1-D code. Future reﬁned measurements of the degree of
hydrostaticity of Mimas’ core could place an upper limit on peak
temperatures experienced in the core; as Mimas’ core is hotter in
the late accretion case, such measurements may help discriminate
between the two scenarios. While the models presented here cannot reproduce the present state of Enceladus, they represent a step
toward a consistent picture of the origin and evolution of Saturn’s
mid-sized moons.

5. Conclusions

Appendix A. Propagator matrix technique used to compute the
yi functions

In this paper, we have simulated the thermal evolution of Mimas using a 1-D code previously applied to dwarf planets, and expanded to include the effects of tidal dissipation and porosity. We
have matched the results of our simulations to three observational
constraints: (a) a previous libration measurement suggesting that
Mimas’ interior is differentiated either into a rocky core / ocean /
icy shell, or into a non-hydrostatic rocky core / ice shell with no
ocean; (b) an eccentric present-day orbit; and (c) a lack of surface expression of recent geological activity. We ﬁnd it diﬃcult to
satisfy all constraints under the scenario of primordial, undifferentiated accretion, unless accretion occurs very early (≤ 2 Myr after CAIs). In this case, Mimas fully differentiates and develops an
ocean that freezes after a few Myr, while the eccentricity is still
high. Under a late, layered origin scenario, Mimas by default satisﬁes the internal structure constraint. Our simulations robustly predict that its icy shell never melts, preventing geological activity
and major eccentricity decay. In either case, Mimas does not have
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The propagator matrix technique used to compute the yi functions is also described in the Appendices of Roberts and Nimmo
(2008) and Henning and Hurford (2014). Brieﬂy, a 6×6 propagator
matrix Yi is computed in each grid zone i; this matrix transmits
the six properties of the 6×1 vector yi = (y1 . . . y6 )i from the bottom to the top of zone i based on the coupled differential equations. At each zone i, an aggregator propagator Bi = Y i Y −1
Bi−1
i−1
is calculated. In the incompressible case, Sabadini and Vermeersen
(2004) provided an analytical expression for Y −1
(there is a misi−1
print in their equation 1.76: the third coeﬃcient should have a +
sign). In the compressible case, the expression for Yi is considerably more complex (Appendix A of Sabadini and Vermeersen,
2004) and its inverse must be computed numerically. Because matrix coeﬃcients can differ by many more orders of magnitude than
the reciprocal of typical computational double precision (about
1016 ), conventional inversion algorithms fail (Press et al., 2007) un-

Fig. A.7. a-e: Benchmarking of the propagator matrix solution for an incompressible, Europa-sized, rock-metal body, in homogeneous (dashed lines) and differentiated (solid
lines) cases, against the solutions of Tobie et al. (2005, Figs. 2 and 3) and Roberts and Nimmo (2008, Fig. 9a–d). a–d: First four components of the 6-component propagator
solution vector (y1 (r) through y4 (r)) as a function of radius. Solutions have been zeroed out in the liquid metal core, where dissipation was not computed. e: Sensitivity of
the tidal dissipation rate to shear anelasticity Hμ . f: Benchmarking of the propagator matrix solution for Enceladus. Our code reproduces closely (although not exactly) the
tidal heating rates of Roberts (2015, case numbers correspond to his nomenclature).
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Fig. A.8. Tidal heating rates in steady-state ice viscosity-rigidity space for the tidal dissipation models adopted in this work, calculated for a homogeneous Enceladus model
(Table 1). Contours are labeled with log values of the heating rate. Compare to Fig. 2 of Shoji et al. (2013).

less a higher computational precision is speciﬁed. Since the effects
of compression are generally of second order on small satellites (J.
Roberts, personal communication), we neglected its effects in this
study.
The system has 3 central boundary conditions of zero displacement: (y1 )0 = (y2 )0 = 0 (i.e., a small liquid central region is assumed) and zero potential: (y5 )0 = 0. Thus, B0 is a 6× 3 matrix
corresponding to the 6×6 identity matrix without the ﬁrst, second,
and ﬁfth column, and all Bi are 6× 3 matrices. (Note that Henning
and Hurford (2014) speciﬁed different central boundary conditions
for which the center is assumed solid. Because the central region
is so small, the choice of central boundary condition has little incidence on value of Bi in the overlying grid zones.)
The system also has 3 surface boundary conditions of zero
stress (y3 )surf = (y4 )surf = 0 and a potential stress (y6 )surf = −5/R
appropriate for forced oscillations. These are solved for by inverting the 3-equation system Bsurf,3,4,6 csurf = (0; 0; −5/R ) where the
subscript “3,4,6” indicates that we have used only lines 3, 4, and 6
of Bsurf to form a 3×3 matrix. This allows computation of yi (and
therefore Hμ ) in each layer as yi = Bi csurf .
The radial functions y1 (r) through y4 (r), as well as Hμ (r) generated under the above assumptions, are shown in Fig. A.7 as a
benchmark against the solutions of Tobie et al. (2005) and Roberts
and Nimmo (2008), along with a benchmark speciﬁc to Enceladus
in Fig. A.7f (Roberts, 2015). The heating rate Qi, tide is also shown
in η − μE space in Fig. A.8, for values of ρ (r) and g(r) corresponding to those of Enceladus (Table 1), for comparison with Fig. 2 of
Shoji et al. (2013). Compared to the Maxwell rheology, the Burgers
modeling of transient behavior results in a second, local maximum
for the heating rate, and the Andrade rheology produces increased
heating at high viscosity, in agreement with many experiments referenced by Shoji et al. (2013). However, new experimental results
(McCarthy and Cooper, 2016) suggest that under tectonic and tidal
forcing conditions relevant to icy moons, dissipation in ice may exceed that predicted by the Maxwell and Andrade models by an order of magnitude. Thus, we carried out some simulations with a
ten-fold increase in tidal dissipation over these models.

References
Arakawa, M., Maeno, N., 1994. Effective viscosity of partially melted ice in the
ammonia-water system. Geophys. Res. Lett. 21 (14), 1515–1518. http://dx.doi.
org/10.1029/94GL01041.
Asphaug, E., Reufer, A., 2013. Late origin of the Saturn system. Icarus 223 (1), 544–
565. http://dx.doi.org/10.1016/j.icarus.2012.12.009.
Barnes, R., Raymond, S.N., Jackson, B., Greenberg, R., 2008. Tides and the evolution
of planetary habitability. Astrobiology 8 (3), 557–568. http://dx.doi.org/10.1089/
ast.2007.0204.

Barr, A.C., Pappalardo, R.T., 2005. Onset of convection in the icy Galilean satellites:
Inﬂuence of rheology. J. Geophys. Res. 110 (E12), 14. http://dx.doi.org/10.1029/
20 04JE0 02371.
Bland, P.A., Travis, B.J., Dyl, K.A., Schubert, G., 2013. Giant convecting mudballs of the
early solar system. In: Lunar and Planetary Science Conference, Vol. 44, p. 1447.
Bouquet, A., Mousis, O., Waite, J.H., Picaud, S., 2015. Possible evidence for a methane
source in Enceladus’ ocean. Geophys. Res. Lett. 42 (5), 1334–1339. http://dx.doi.
org/10.1002/2014GL063013.
Brosche, P., Sündermann, J., 2012. Tidal friction and the Earth’s rotation II. In: Proceedings of a Workshop Held at the Centre for Interdisciplinary Research (ZiF)
of the University of Bielefeld, September 28–October 3, 1981. Springer Science
& Business Media.
Castillo-Rogez, J.C., Efroimsky, M., Lainey, V., 2011. The tidal history of Iapetus: Spin
dynamics in the light of a reﬁned dissipation model. J. Geophys. Res. 116 (E9),
E09008. http://dx.doi.org/10.1029/2010JE003664.
Charnoz, S., Crida, A., Castillo-Rogez, J.C., Lainey, V., Dones, L., Karatekin, O., Tobie, G., Mathis, S., Le Poncin-Laﬁtte, C., Salmon, J., 2011. Accretion of Saturn’s
mid-sized moons during the viscous spreading of young massive rings: Solving the paradox of silicate-poor rings versus silicate-rich moons. Icarus 216 (2),
535–550. http://dx.doi.org/10.1016/j.icarus.2011.09.017.
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