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Abstract

Determining whether or not Pluto possesses, or once possessed, a subsur-

face ocean is crucial to understanding its astrobiological potential. In this

study we use a 3D convection model to investigate Pluto’s thermal and spin

evolution, and the present-day observational consequences of different evo-

lutionary pathways. We test the sensitivity of our model results to different

initial temperature profiles, initial spin periods, silicate potassium concentra-

tions and ice reference viscosities. The ice reference viscosity is the primary

factor controlling whether or not an ocean develops and whether that ocean

survives to the present day. In most of our models present-day Pluto consists

of a convective ice shell without an ocean. However if the reference viscosity

is higher than 5×1015 Pa s, the shell will be conductive and an ocean should

be present. For the nominal potassium concentration the present-day ocean

and conductive shell thickness are both about 165 km; in conductive cases

an ocean will be present unless the potassium content of the silicate mantle

is less than 10% of its nominal value. If Pluto never developed an ocean,

predominantly extensional surface tectonics should result, and a fossil rota-

tional bulge will be present if convection is not too vigorous. For the cases
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which possess, or once possessed, an ocean, no fossil bulge should exist. A

present-day ocean implies that compressional surface stresses should domi-

nate, perhaps with minor recent extension. An ocean that formed and then

re-froze should result in a roughly equal balance between (older) compres-

sional and (younger) extensional features. These predictions may be tested

by the New Horizons mission.
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1. Introduction

The Pluto-Charon system is one of the least well understood in our Solar

System. The present-day state of knowledge for Pluto is similar to that which

existed for the icy satellites before spacecraft arrived in the neighborhood of

Jupiter or Saturn. Interest in Kuiper Belt objects (KBO’s) has grown due to

the discovery of several bodies as big as Pluto in the last decade (e.g. Bertoldi

et al., 2006). If it is possible to have a subsurface ocean inside a KBO, the

total mass of liquid available today will be comparable to the mass of the

Earth’s oceans (Desch et al., 2009). It is therefore of considerable astrobio-

logical (Mottl et al., 2007) and geophysical (Schubert et al., 2010) interest to

determine the conditions under which Pluto may retain an ocean. Further-

more, in light of the forthcoming New Horizons results, it is important to

investigate whether surface observations can be used to determine whether

or not such an ocean exists. One of the main conclusions of this work is

that there are several surface observations which may be used to infer the

presence or absence of a subsurface ocean.

Our current knowledge of Pluto comes primarily from Earth-based remote
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sensing. The heliocentric orbital parameters (Malhotra and Williams, 1997)

and the Charon-Pluto orbit (Dobrovolskis et al., 1997) are well known. Di-

rect observation during special events like the occultation of a star or by

other bodies can provide information about the atmosphere (e.g. Elliot et al.,

1989; Tholen and Buie, 1990; Pasachoff et al., 2005). Direct imaging of Pluto

can also furnish some constraints on the Charon/Pluto mass ratio (Null and

Owen, 1996) and the surface composition (Cruikshank et al., 1976; Owen

et al., 1993). Direct imaging also gives us some information about the sur-

face (Albrecht et al., 1994) and detected two new satellites around Pluto

(Weaver et al., 2006; Buie et al., 2006). But these methods are insufficient

to give us direct information about the internal structure of Pluto.

Nevertheless, Pluto is a body very similar to the better-known icy satellites

of the giant planets. These satellites are mixtures of rock and ice and in some

cases possess a subsurface ocean (see Hussmann et al. (2006) for a review)

and resurfacing processes. Thus, it is reasonable to assume the same range of

rheological proprieties and compositions for Pluto (McKinnon et al., 2008).

Pluto’s ice/rock+ice ratio is supposed to be about 0.65 (McKinnon et al.,

1997) and for a differentiated Pluto the silicate core would be roughly 40%

of the volume. The radiogenic heating provided by the core can potentially

melt the mantle ice and form a subsurface ocean (Hussmann et al., 2006;

McKinnon, 2006). The present-day spin period of Pluto and Charon reveals

a system which is mutually synchronous, the stable end state of tidal evolu-

tion (Dobrovolskis et al., 1997). The energy dissipated in reaching this state

provides Pluto with another heat source and can help to form a subsurface

ocean (Collins and Barr, 2008). Finally, the presence of other volatiles such
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as methane and ammonia can significantly reduce the melting temperature

of ice (Grasset and Pargamin, 2005).

Previous investigations of the thermal evolution of Pluto have either assumed

a conductive ice shell, or employed parameterized convection models (McK-

innon et al., 1997; Hussmann et al., 2006; Desch et al., 2009). Here we employ

the 3D numerical model OEDIPUS (Choblet, 2005; Choblet et al., 2007) to

examine the behaviour of convective and conductive ice shells. Our model

also includes a conductive silicate core, and tracks both spin and shape evo-

lution. One major caveat is that we do not examine the effects of volatiles

such as ammonia. As discussed below (Section 4), neglect of ammonia means

that our results are conservative, in that the presence of NH3 will permit an

ocean to form and persist more readily. In the following section, we describe

our model. In section 3 the results are presented and are further discussed

in section 4.

2. Model

2.1. Structure and initial conditions

The parameters used in this study are listed in Table B.1. The mass mea-

surements of Pluto and Charon have been improved during the last decade;

the masses are now known to within 0.5% and 5% respectively (McKinnon

et al., 2008). Olkin et al. (2003) give an estimate of the Charon-to-Pluto

mass ratio of 0.122 ± 0.008, while Buie et al. (2006) give 0.1165 ± 0.0055.

An orbital period Porb = 6.38726 ± 0.00007 days, and semi-major axis of

Charon’s orbit, a = 19705 ± 8 km are given by Dobrovolskis et al. (1997)

and very similar values are given by Buie et al. (2006) (Porb = 6.3872304 ±
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0.0000011 days and a = 19571.4 ± 4 km). The radius of Pluto remains un-

certain but based on occultations (Elliot et al., 1989; Pasachoff et al., 2005;

Elliot et al., 2007), a range of values from 1158 to 1184 km has been sug-

gested (Elliot et al., 2007). Following McKinnon et al. (1997), we assume an

average radius, R, of 1180 km and an average density, ρ0, of 1850 kg m−3

suggesting that the dwarf planet is composed of water ice and silicates. As

in previous studies (McKinnon et al., 1997; Hussmann et al., 2006; Schubert

et al., 2010), we suppose that the interior is differentiated into a silicate core

and icy mantle (cf. Figure B.1a). Assuming an ice density of 950 kg m−3,

we obtain a core radius, Rc, of 849.6 km and a silicate density, ρsil, of 3361

kg m−3. For simplicity, in the thermal evolution calculations, the average

radius is assumed to remain constant.

The initial temperature profile of a satellite depends on the rate of accre-

tion, and the timing of accretion relative to the decay of short-lived radionu-

clides (e.g. Schubert et al., 1981; Ellsworth and Schubert, 1983). Pluto is

expected to have accreted slowly, perhaps between 20 million years (Kenyon,

2002) and a few hundred million years (Stern and Colwell, 1997) after the

CAIs (Calcium-Aluminum-rich Inclusions) were formed at 4.567 Ga (Amelin

et al., 2002). We assume that the accretion process is complete 30 Myr after

CAI formation, in which case the short-lived radionuclides are not relevant.

Following McKinnon et al. (1997), the surface temperature Tsurf is set to 40

K and is kept constant throughout the simulation. This temperature is the

expected N2 surface-ice temperature (Elliot et al., 2007).

For simplicity, we assume that Pluto has an initially homogeneous interior

temperature, and we test three different values: cold (150 K), intermediate
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(200 K) and hot (250 K). There are two reasons for making such a simple

assumption. First, the energy associated with Pluto’s accretion is small com-

pared to the long-term release of radiogenic heat (see below). Second, we do

not anticipate that the initial temperature will greatly influence Pluto’s long-

term thermal evolution, which is our primary interest. As we demonstrate

below (Section 3.2), as expected, the effect of the initial temperature does not

significantly change the final results. This assumption is also conservative,

in that it does not assume that an ocean is initially present.

2.2. Heat sources

The thermal history of Pluto depends on the different heat sources avail-

able during its evolution (Table B.2). The first is the energy associated with

the accretion of Pluto. If all the energy associated with accretion were con-

verted to heat, a primordial ocean would result. However, in practice much of

the heat is liable to be lost promptly to space via radiation, resulting in less

warming (e.g. Schubert et al., 1981; Ellsworth and Schubert, 1983; Hussmann

et al., 2010). Differentiation of Pluto, assuming it occurred, contributes a

small additional heating term (Hussmann et al., 2010). The formation of

Charon does not generated significant global heating (McKinnon, 1989), al-

though the impact zone might have undergone a temperature increase of

≈ 150 K (Canup, 2005). Nevertheless, Charon causes Pluto to slow down

its spin period. This despinning is another energy source which will be re-

leased within Pluto in a very short time, of order 105 years (Hussmann et al.,

2010).

However, the main source of energy within Pluto is the radioactive decay

of long-lived isotopes contained in the silicate core (one order of magnitude
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larger than the other heat sources (cf. Table B.2)). Owing to the assumed

time of the end of the accretion process, the short-lived isotopes do not

contribute significantly. We assume a silicate composition corresponding to

carbonaceous chondrites following Lodders (2003) (cf. Table B.3). Other as-

sumed compositions would contribute somewhat different heat budgets (see

below). Among the different elements, potassium is the most important con-

tributor, and is also the most uncertain in abundance, owing to its volatility.

Below we investigate the influence of a range of potassium concentrations on

the evolution of Pluto.

2.3. Dynamics

2.3.1. Ice shell

The internal dynamics of Pluto’s ice shell are studied in a 3-D spherical

shell assuming the material behaves as an infinite Prandtl number fluid. The

classical conservation equations for thermal convection (mass, momentum

and energy) are considered in the Boussinesq approximation with a viscosity

that strongly depends on temperature and is solved using the numerical tool

OEDIPUS (Choblet, 2005; Choblet et al., 2007). This code uses the “cubic

sphere” coordinates introduced by Ronchi et al. (1996). OEDIPUS uses a

multigrid solver to solve the conservation equations of momentum and mass,

and typically does so in parallel using the MPI library. Further details about

the numerical procedure can be found in Choblet (2005) and Choblet et al.

(2007). The whole spherical shell is divided into six identical blocks. In the

present study, only one of the six blocks is used to model Pluto’s internal

dynamics. The numerical domain, when we begin, is bounded by an internal

sphere corresponding to 72 % of Pluto’s radius, that is a core radius of 849.6
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km. A temperature based on the core temperature evolution (see below)

is prescribed at the inner boundary. Gravity g is a function of radius r:

g(r) = 4π
3
Gρ0r, corresponding to a surface value gs of 0.61 m s−2.

The three conservation equations (mass (Eq. 1), momentum (Eq. 2), and

energy (Eq. 3)) governing mantle convection solved in OEDIPUS are, in

dimensionless form:

∇.v = 0 (1)

0 = −∇p +∇.(η(∇v + (∇v)t)) + f (2)

DT

Dt
= ∇

2T +H (3)

with velocity v, pressure p, viscosity η , temperature T , time t, buoyancy

force f and H volumetric heating rate. Superscript t denotes the transpose

of the second order tensor. OEDIPUS is a finite volume program based

on the “cubed sphere” non-conformal coordinate system (r, ξ, η). The above

equations are solved in their dimensionless form, where the following classical

characteristic scales have been adopted: d = 330 km, average Pluto ice shell

thickness for length ; ∆T = Tm − Tsurf for temperature difference (with Tsurf

the surface temperature and Tm the melting temperature of pure water ice);

and τ = R2/κm, diffusive scale for time (with κm the thermal diffusivity at

Tm and R the radius of Pluto).

The vigor of convection is governed by the Rayleigh number, Ra, which we

evaluate at the base of the ice shell:

Ra =
αb ρice g (Tb − Tsurf) d

3

κb ηb
(4)

Here all variables are computed at the temperature Tb at the base of the ice

shell: α is the thermal expansivity, ρice ice density, g acceleration due to the
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gravity, d ice shell thickness and κ thermal diffusivity. The values of these

parameters are given in Table B.1. Further details about the treatment of

viscosity and benchmarking of the OEDIPUS code are given in Appendix

B.

In the majority of our calculations, the grid mesh contained 32 × 64 × 64

cells (in r, ξ and η, respectively). To check for resolution issues, in a few

low-viscosity runs we used a higher resolution (grid mesh = 64 × 128× 128

cells) and verified that the results were indistinguishable from those carried

out at lower resolution.

2.3.2. Core

We assume that the silicate core is sufficiently cold that heat is trans-

ferred by conduction. The thermal evolution of the core is determined using

a numerical program initially written by Tobie and Cecconi (2000) and mod-

ified for this study. This conduction code uses a spherical geometry and the

equation is solved radially (1D code) with a predictor-corrector method. At

the beginning of the evolution, the numerical domain extends from the center

of Pluto to the core-mantle boundary (CMB). The mesh size is set to half

the initial radial mesh size of OEDIPUS (∆r2 = ∆r1/2, see Fig. B.1a).

The equation solved is the energy equation (Eq. 3) but without the

velocity terms. Thus the equation is :

ρCp
dT

dt
= ∇ · (k · ∇T ) +H (5)

with k the thermal conductivity. This equation and all the variables in the

conduction code are used in their dimensionalized form. We checked the code

output against the analytical solution given by Carslaw and Jaeger (1959).
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In the absence of an ocean, the two codes are coupled by having a com-

mon temperature at the silicate-ice interface. When an ocean separates the

silicates from the ice shell, the temperature at the silicate surface is set to the

ice melting temperature Tm and the heat flux out of the core is transferred

directly to the base of the ice shell (see below). We make this assumption

because the low viscosity of water will result in vigorous convection and thus

efficient heat transfer across the ocean. Note that we neglect the adiabatic

temperature increase across the ocean due to the low gravity and small coef-

ficient of thermal expansion (2.12×10−4 K−1 at 293 K (Tanaka et al., 2001)).

Such a small coefficient gives only ∼ 1 K of temperature increase for an ocean

200 km thick.

2.4. Melt and rheology

2.4.1. Melt

The heat conducted out of the silicate core may result in melting of the

overlying ice. At the top of the core (r = Rc), the heat flux is Fc. Since this

heat is assumed to be transferred efficiently through the ocean, the heat flux

at the base of the ice shell is F ′

c ≈ Fc

(

Rc

Rj−1

)2

, where Rj−1 is the radial cell

location at base of the shell (see Fig. B.1b). For this particular cell, the rate

of change of energy may be approximated as follows:

∆E

∆t
= F ′

cAj−1 − k
Tj − Tj+1

∆r1
Aj (6)

where the first term on the RHS is the energy input from the ocean below,

the second term is the conductive heat transfer upwards, k is the thermal

conductivity and Tj and Aj are the temperature and cross-sectional area of

cell j (see Fig. B.1b). The melt fraction in this cell is fm. Assuming that
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melting has already started (i.e. that fm > 0) then Tj is pinned at the melting

temperature Tm and the net change in energy is responsible for melting or

freezing, that is, an increase or decrease in fm:

∆fm =
∆E

ρiceVjLa
(7)

where Vj is the volume of that particular cell, ρice is the ice density and

La is the latent heat of ice. In our implementation, tracking melting and

freezing requires the boundary between the 1D and 3D code to change with

time. Further details of the technique employed are given in Appendix A,

including comparison with analytical solutions to verify that both the melting

and freezing calculations are being performed correctly.

2.4.2. Rheology

An Arrhenius law is assumed to describe the temperature dependence of

the viscosity η(T ) inside the icy mantle:

η(T ) = ηm exp

(

Ea

R

(

1

T
−

1

Tm

))

exp (fmγm) (8)

with Tm = 273 K and ηm = η(Tm) = 1013 − 4.16 × 1017 Pa s, the reference

temperature and viscosity, Ea = 60 kJ mol−1 the activation energy, γm a

dimensionless constant and R the gas constant. Note that the reference

viscosity is defined at 273 K and thus depends on factors such as grain size

and composition, but not temperature. For numerical reasons, a cut-off is

prescribed for the viscosity function (see Appendix B): η = min(η(T ), 1.2×

106 ηb) where ηb is the viscosity at the bottom of the ice shell Tb. We add a

melt dependence through the γm coefficient. Following De La Chapelle et al.

(1999), a melt fraction of 5% induces one order of magnitude decrease of the

ice viscosity, so γm is set to 45.
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2.5. Rotational dynamics and dissipation

The evolution of Pluto cannot be studied without taking into account

the formation of its satellite Charon. It is likely that this formation occurred

early (within a few hundred million years after CAI formation) but the actual

time is unknown. We set the formation of Charon at 100 Myr after the end

of Pluto’s accretion, or 130 Myr after CAI formation. Initially, Pluto and

Charon probably had a rotation period of only a few hours (Lissauer and

Safronov, 1991; Canup, 2005). The misalignment of Pluto’s tidal bulge with

respect to Charon acted as a torque that tended to slow down the spin. This

torque on Pluto is given by (e.g. Peale, 1999):

T =
3

2

k2(t, χ)GM2
cR

5

a(t)6Q(t, χ)
(9)

with k2 the tidal Love number and Q−1 the specific dissipation function both

computed at the average tidal frequency χ = 2(ω − n) where ω is the spin

rate and n is the orbital mean motion (Efroimsky and Williams, 2009); G

the universal constant of gravity, Mc Charon’s mass, R Pluto average radius

and a the semi-major axis of the orbit. In our case, the angular momentum

associated with the initial spin has the same order of magnitude as the one

due to the orbit. Thus, we have to conserve angular momentum in order to

determine the evolution of the semi-major axis (Dobrovolskis et al., 1997).

This conservation is given by (e.g. Murray and Dermott, 1999):

L = Iω +
MpMc

(Mp +Mc)
a2n (10)

with I the moment of inertia of Pluto and Mp and Mc respectively the mass

of Pluto and Charon. Note that here we are neglecting Charon’s spin. We
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assume a two-layer Pluto structure (Fig B.1a) to compute the moment of

inertia. The gradual decrease of the spin rate ω and the increase of the semi-

major axis as a function of time t are then determined from the tidal torque

acting on Pluto (Eq. 9) and the conservation of angular momentum (Eq.

10):
dω

dt
= sign(n− ω)

3

2

k2(t, χ)GM2
cR

5

a(t)6Q(t, χ)I
(11)

da

dt
= sign(ω − n)

3k2(t, χ)

Q(t, χ)

Mc

Mp

(

R

a

)5

an (12)

We used two different viscoelastic linear rheologies to calculate k2 and Q: a

Maxwell model and a Burgers model.

Both models are often used for computing tidal heating in icy bodies (e.g.

Moore and Schubert, 2000; Hussmann et al., 2002; Robuchon et al., 2010).

The Maxwell model is the simplest physically reasonable description of dissi-

pation in solids. However, it does not reproduce the experimentally-observed

frequency-dependence of dissipation in materials (Sotin et al., 2009). More

complex models, based on laboratory measurements (Tatibouet et al., 1986;

Cole, 1995) or on analysis of tidal bending of polar glaciers (Reeh et al., 2003),

are probably more appropriate for describing the viscoelastic response across

a wide range of temperatures and frequencies, but require more parameters

to be specified. The advantage of the Maxwell model is that it depends on

only two parameters that can be experimentally derived: an elastic shear

modulus, µ, and a long-term viscosity, η. This long-term viscosity thus cor-

responds to the convective viscosity (Eq. 8). The Burgers model includes a

secondary dissipation peak at low temperatures. It is described by a tran-

sient shear modulus, µB , and a short term viscosity, ηB , in addition to the
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two Maxwell parameters. For simplicity, we assume µB = µ as proposed by

Reeh et al. (2003). In our nominal model we assume a Burgers rheology and

take η/ηB = 50 following Robuchon et al. (2010). We examine the sensitivity

of our results to this assumption in Section 4.1.

The energy associated with despinning is assumed to partition into the ice

shell, depending on the local viscosity η. Following the approach of Roberts

and Nimmo (2008), the local heating rate is scaled by the dimensionless

parameter Hf , given by:

Hf =

(

ωη/µice

1 + (ωη/µice)2

)

/

(

ωηm/µice

1 + (ωηm/µice)2

)

(13)

where µice is the shear modulus of the ice and ηm the reference viscosity.

2.6. Surface stress and flattening

During its global evolution, Pluto’s average temperature changes and can

cause an increase or decrease of its volume. If a liquid layer appears, the

phase transition of the ice also causes a change in volume. These different

volume variations induce surface stresses. For each time step, we compute

the temperature variation and the water volume which appears or disappears

in order to obtain the surface stress evolution.

The volume change induced by the temperature is:

∆VT (t) = −V α (T (t)− T (t− 1)) (14)

with V the volume associated with the mesh point, α the thermal expansivity

of ice or silicate and T (t) and T (t − 1) respectively the temperature at the

time t and t− 1. In the same way, the volume variation due to the ice phase
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transition is:

∆Viw(t) = −V

(

1−
ρice
ρwat

)

(fm(t)− fm(t− 1)) (15)

with fm(t) and fm(t−1) respectively the melt fraction at the time t and t−1

and ρwat the water density. Both volume changes induce a radius variation

of Pluto which can be evaluated by:

∆R = R −

(

R3
−

∆VT +∆Viw

4

3
π

)
1

3

(16)

where ∆VT and ∆Viw are the contributions from the radially-integrated ef-

fects of temperature and melting/freezing. Assuming that the near-surface

ice responds in an elastic fashion, the corresponding stresses are (Melosh,

1977):

σs = 2µice

(

1 + ν

1− ν

)

∆R

R
(17)

with µice and ν respectively the shear modulus and Poisson ratio of the ice.

The Poisson ratio is taken to be 0.5 because we assume an incompressible

case.

In order to determine the evolution of the flattening as the satellite de-

spins, we compute the time evolution of the second-degree surface displace-

ment using a spectral technique already used by other studies (Čadek, 2003;

Tobie et al., 2008; Robuchon et al., 2010). The satellite is assumed to behave

as an incompressible Maxwell-type viscoelastic body. An ocean, if present, is

treated as a low-viscosity, low-rigidity layer rather than as an inviscid fluid.

This approximation is acceptable as long as the Maxwell time of the ocean

is not close to the forcing orbital period. The body force includes the cen-

trifugal force and self-gravitation due to mass redistribution (Čadek, 2003).
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We start our simulations from a stress-free initial state and then impose

the centrifugal force. We compute the evolution of the surface displacement

from the (time-dependent) radial viscosity profile, given by OEDIPUS, at

the corresponding spin rate. Unlike the thermal convection calculations, no

viscosity cut-off is prescribed, so that the viscosity can reach values as high

as 1080 Pa s at the surface (effectively elastic).

3. Results

Each simulation is in two steps: (1) we first compute the coupled thermal

evolution and despinning and (2) we then use the evolution of both viscosity

profile and rotational period in order to evaluate the flattening of Pluto.

3.1. Thermal evolution

Figure B.2 shows two possible thermal evolution scenarios for Pluto:

one with a low reference viscosity (1013 Pa s) in which ice shell convec-

tion occurs (Figs. B.2a-d), and another with a higher reference viscosity

(4.16 × 1017 Pa s) in which convection never develops (Figs. B.2e-h). Both

cases start with an assumed uniform temperature of 150 K; only the case with

a high reference viscosity develops an ocean, which persists to the present

day. In the low reference viscosity case, vigorous convection develops and

the ice shell never melts.

3.1.1. Ocean evolution controlled by convection and conduction

Figs B.2a and B.2e depict the evolution of laterally-averaged temperature

with time in both the silicate core and ice shell. In both cases the main effect

is the warming of the core due to radioactive decay. The silicates warm up
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the overlying ice shell, which accordingly becomes more dissipative.

The crucial difference between the two cases is that in Fig. B.2a (lower

reference viscosity), as the ice shell warms up, convection occurs, starting

at 101 Myr. This convection increases the heat flux across the ice shell to

about ∼ 2 mW m−2 (black line in Fig B.2b) and is sufficient to transfer the

heat being conducted out of the silicates to the surface. As a result, the ice

shell remains solid. Conversely, in Fig. B.2e the viscosity is too high for

convection to happen. The conductive shell is not able to transfer the heat

from the underlying silicates rapidly enough to avoid melting (McKinnon,

2006). As a result, an ocean begins to form at around 232 Myr and grows

until the silicate heat flux is balanced by heat conducted across the floating

ice shell.

The peak silicate heat flux (≈ 5 mW m−2 evaluated at the surface) occurs

at around 1 Byr (red line in Fig B.2b and B.2f). In the low viscosity case

(Fig B.2a) convection is sufficient to transfer this heat from the core; as

a result, no melting occurs throughout the thermal evolution. In detail,

a conductive (stagnant) lid ∼ 100 km thick caps a convecting icy mantle

∼ 230 km thick. The convective region is characterized by an isothermal

temperature of ∼ 230 K and the CMB temperature reaches a maximum of

250 K at about 1.2 Byr when the CMB heat flux reaches its peak. As the

CMB temperature increases, the basal viscosity of the ice shell decreases and

the convective heat flux increases. In this way a rough balance between the

CMB heat flux and the convective heat flux is maintained (Fig B.2b) , and

the CMB temperature never reaches the melting point of ice.

By contrast, in the high viscosity case (Fig B.2e), the conductive shell thins
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to a minimum thickness of 100 km at 1.2 Byr, at which point the heat from

the core balances the heat conducted across the shell (Fig B.2f) . As the core

heat flux subsequently declines, the shell thickens conductively. The rate of

refreezing is relatively slow and as a result, the ocean persists to the present

day, consisting of 165 km of liquid beneath 165 km of ice.

3.1.2. Despinning

This picture is not fundamentally changed by despinning. As Pluto spins

down, the despinning energy is deposited mainly at the base of the ice shell,

where the ice viscosity is lowest. This process causes a spike in the tempera-

ture shortly after Charon’s assumed formation time of 100 My in both cases

(Figs B.2a and B.2e). Figs B.2d and B.2h show the evolution of spin rate

with time (black line), and demonstrate that once the ice shell becomes warm

enough, synchronous rotation is achieved rapidly - within a few Myr. This is

because of the feedback between local dissipation due to despinning,and the

consequence of warming of the ice. The despinning energy deposited within

the ice shell is relatively small compared to other heat sources but can still

melt a few tens of kilometers of ice (Table B.2). As a result of this rapid

despinning transient, a negative heat flux (see Fig. B.2b and B.2f) appears

at the CMB because the shell is warmed up faster than the core. Once syn-

chronous rotation is acquired, any melt produced freezes in a few tens of

millions years and this energy is absorbed both by the core and ice shell.

Comparisons between the above cases and identical cases without despinning

show that the impact of this process on the thermal evolution is small. As

the despinning energy is small compared to the radioactive energy, once the

ocean begins to form, the thermal evidence of despinning is erased. Note,
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however, that the stresses associated with despinning may be significant (see

below).

3.2. Role of the reference viscosity and initial temperature

The propensity of an ice shell to convect depends on the viscosity at the

base of the shell, and the shell geometry (see Appendix B). In our model

runs we find that changing the reference viscosity or the initial tempera-

ture changes the thermal evolution. Table B.4 summarizes the outcomes of

different combinations of initial temperature and reference viscosity. Fig-

ure B.3 depicts results for this same range of reference viscosities and initial

temperatures respectively for the RMS (Root Mean Square) velocity, ocean

thickness, surface heat flux and surface stress. These figures show groups of

columns with each group representing one reference viscosity (from the left

to the right : 1013 Pa s, 1014 Pa s, 1015 Pa s, 4.16×1015 Pa s, 4.16×1016 Pa s

and 4.16 × 1017 Pa s). Except for the lowest-viscosity case, groups consist

of three different initial temperatures: (left: 150 K, center: 200 K and right:

250 K).

In all our simulations with a reference viscosity 6 4.16 × 1015 Pa s convec-

tion occurs whatever the initial temperature (Fig. B.3a). In cases with an

initial temperature of 150 and 200 K convection starts after the despinning

produces high temperatures close to the CMB. For an initial temperature of

250 K convection can start before despinning. In none of these cases do we

obtain an ocean at the present-day (Fig. B.3b), and with a reference viscos-

ity 6 1015 Pa s, convection is vigorous enough that an ocean never forms at

all. The case with a reference viscosity of 4.16× 1015 Pa s is intermediate, in

that an ocean forms and then partially re-freezes. Initially convection is not
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vigorous enough to avoid melting of the ice shell. However, as the shell thins,

the convective vigor decreases and stops. Subsequently, as the the heat flux

from the core begins to decrease, the ocean begins to freeze and the conduc-

tive ice shell thickens. At the present-day the shell remains conductive and

the present-day state resembles those of purely conductive cases.

As we increase the reference viscosity to 4.16×1016 Pa s, convection can still

occur (Fig. B.3a). For convection to take place, we need a thick ice shell and

temperatures close to the melting temperature near the CMB. These condi-

tions are not met with an initial temperature of 150 K and 200 K, but with

an initial temperature of 250 K, convection does initiate. The sluggish heat

transfer, however, results in relatively prompt ocean formation (Fig. B.3b)

and the cessation of convection shortly thereafter. The subsequent thermal

evolution in these three cases is identical irrespective of the initial temper-

ature, because the ice shell is conductive. At the present-day, we obtain an

ocean thickness of 165 km (Fig. B.3b) and a surface heat flux of ∼ 2.8 mW

m−2 (Fig. B.3c).

Our highest reference viscosity (4.16× 1017 Pa s) does not allow convective

motion at all (Fig. B.3a). The only differences between scenarios with differ-

ent initial temperature are the time needed to obtain the current spin period

and the time when the ocean begins to form.

The surface heat flux (Fig. B.3c) is mainly controlled by the vigor of the

convection; the present-day heat flux (Table B.4) increases slightly with in-

creasing reference viscosity, because of the increased time it takes to respond

to changes in the basal heat flux.

In summary, Figures B.3a-B.3c show that the initial temperature is not very
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important in determining Pluto’s long-term thermal evolution. The reason

for this is that Pluto’s energy budget is likely dominated by silicate radio-

genic heat production (see Table B.2). On the other hand, the reference

viscosity is crucial, because it controls whether or not convection occurs, and

whether an ocean exists at the present day (Table B.4).

3.3. Role of Potassium

The results above show that the present-day state of Pluto is controlled

mainly by silicate decay of the radioactive elements. Among these isotopes,

potassium provides the main contribution to the heat budget and is most

uncertain in abundance (because of its volatility). Thus, we performed 3

further simulations with different potassium contents (50, 200 and 400 ppb,

compared to the reference value of 738 ppb, see Table B.3) in order to in-

vestigate its impact on the thermal evolution. Because we are interested the

circumstances under which an ocean will occur, we assumed a conductive

case with a reference viscosity of 4.16× 1016 Pa s and an initial temperature

of 150 K to maximize the likely ocean lifetime.

With 400 ppb of potassium, the despinning process is delayed to 297 Myr

compared to 195 Myr with the nominal content in potassium. No convection

occurs throughout the thermal evolution due to the high reference viscosity.

An ocean begins to form at 440 Myr, and at the present day, the ocean thick-

ness is ∼ 114 km and the shell is conductive.

The case with 200 ppb show similar behavior. But, owing to the smaller

amount of potassium, the onset times of other various processes are delayed:

despinning occurs at 496 Myr and an ocean begins to form at 815 Myr. Even

with this small potassium content an ocean will still be present now (thick-
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ness of 57 km beneath a conductive shell).

Finally, with 50 ppb, no ocean appears. Pluto acquires its present-day rota-

tional period at 1.163 Byr and convection never initiates.

Thus, to avoid an ocean forming if the shell is conductive, a potassium con-

tent < 10% of the reference value is required. But even with these small

quantities we always reach the present-day spin period. This is due to the

high temperatures (close to the melting temperature) reached in every case,

close to the CMB.

3.4. Constraints on shape and surface stresses

An important observable parameter is the shape of Pluto, in particular

whether or not it can sustain a fossil (rotational) bulge from an earlier epoch.

That depends on its thermal and spin evolution.

Figure B.4 shows the time evolution of the rotational flattening for three

cases with an initial temperature of 150 K: a cold case with [K] = 50 ppb

and η(Tm) = 1014 Pa s, a second one with the nominal content of potassium

([K] = 738 ppb) and η(Tm) = 1015 Pa s and a final one with the nominal

potassium content and a higher η(Tm) = 4.16 × 1016 Pa s. In the first two

cases (Fig. B.4a and Fig. B.4b)) no ocean develops, and for the third case

(Fig. B.4c) the ice shell starts to melt at about 185 Myr. Here the red line

is the model flattening, while the green line is the flattening which would be

obtained if Pluto were a purely fluid body (no fossil bulge). The latter was

calculated using the Darwin-Radau approximation (e.g. Murray and Der-

mott, 1999). In all cases, the model flattening decreases significantly when

despinning occurs, as expected. However, in general the model flattening

does not immediately reach the value (≈ 0) predicted by the purely fluid
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assumption. This is because the near-surface of Pluto is relatively viscous

and deforms slowly. The no-ocean cases (Fig. B.4a and B.4b) show different

behavior. The present-day shape for the low potassium content case (Fig.

B.4a) is significantly different from the expected fluid value and implies an

observable fossil bulge (flattening ≈ 0.0058). This is because the bulk of

the shell remains cold and rigid throughout Pluto’s thermal evolution. For

the case with convection (Fig. B.4b), by contrast, the present-day shape is

approximately that expected for a fluid body. This is because the lower-

viscosity convecting ice shell has had time to relax to its equilibrium shape.

Finally, in the case with an ocean (Fig. B.4c), the shape reaches the expected

fluid value as soon as the overlying shell becomes sufficiently thin. The sig-

nificance of this result is that, if New Horizons measures a fossil bulge, it

strongly implies both the absence of a subsurface ocean and the presence of

a conductive or sluggishly convecting lid.

Whether or not an ocean forms has important implications for surface

tectonics. Figures B.2c and B.2g plot the surface stresses due to volume

change as a function of time (Section 2.6). In both cases, minor initial

contraction is followed by significant expansion as the ice and silicates warm

up. If no ocean develops (Fig. B.2c), this expansion slows and then reverses

as the body starts to cool. The net effect at the present day is a function

of the initial temperature: large (≈ + 18 MPa) extensional stresses if the

initial temperature is low, and smaller (≈ - 9 MPa) compressional stresses

if the initial temperature is high. Conversely, if an ocean develops, as in

Fig. B.2g, the conversion of low-density ice to higher-density water results

in contraction and large compressional stresses. As the ocean subsequently
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re-freezes, extension occurs. If the ocean does not freeze completely (Fig.

B.2g), the net stresses are still large (≈ - 30 to - 70 MPa) and compressional

at the present day (see also Fig. B.3d).

In cases where the ocean freezes completely, the final stress state de-

pends on the initial temperature. A higher initial temperature gives larger

net compressional stresses at the present-day than a low initial temperature

(Fig. B.3d).

Cases with a present-day ocean are associated with net compressional

stresses. If an ocean never formed, net stresses of either sign can result,

although extensional stresses are more likely (Fig. B.3d). In either case,

these volume-change stresses greatly exceed likely present-day stresses due

to any non-synchronous rotation (Collins and Pappalardo, 2000).

The above analysis assumes that the stresses are cumulative, and are not

relaxed by brittle failure or plastic flow. This assumption is highly ideal-

ized; in reality, the shell is likely to fail and then anneal, recording successive

episodes of deformation. Thus, ocean formation followed by partial ocean

re-freezing will result in older compressional features overlain by later exten-

sional features. In cases with a present-day ocean, the ratio of extension- to

compression-accommodating features should be lower than in cases without

a present-day ocean. Cases which never formed an ocean will show older

extensional and younger compressional features.

This picture is complicated somewhat by the despinning stresses, which

are shown in Figs B.2d and B.2h as the red line. The magnitude of these

stresses is comparable to those caused by volume changes, but the former

are compressional at the equator and extensional at the poles (Melosh, 1977)
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while the latter are isotropic. The resulting stress and tectonic feature pat-

tern will therefore be somewhat complex; nonetheless, the key point is that

bodies with and without oceans should develop rather different patterns of

tectonic features.

4. Discussion and comments

Since Pluto belongs to the Kuiper belt, the coldest region of our Solar

System, it is striking that some of our models predict a present-day ocean.

This result agrees with the conclusions of most previous studies of Pluto

(McKinnon et al., 1997; Schubert et al., 2010) and large KBOs (Hussmann

et al., 2006; McKinnon et al., 2008; Desch et al., 2009). Our results show

that for reference viscosities ≥ 4.16 × 1015 Pa s Pluto is likely to have a

present-day ocean (unles the potassium concentrations are ≤50 ppm) and a

conductive ice shell. If the reference viscosity is lower and the ice shell is

convective, no ocean will be present.

With no present-day ocean, we predict post-despinning tectonics that

are predominantly extensional (perhaps with recent compression), and the

possibility of a large fossil bulge. If an ocean forms tectonics are expected

to be compressional (perhaps with recent extension) and a hydrostatic shape

should be observed. These predictions are testable by the New Horizons

mission.

4.1. Parameter Uncertainties

Many parameters are poorly known and may affect the outcome of our

model results. The two most important are probably ice viscosity and ra-

diogenic abundances. Most of the studies dealing with thermal evolution of
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icy mantles have chosen a viscosity at the melting temperature of between

1013 Pa s and 1015 Pa s (Tobie et al., 2003; McKinnon, 2006; Roberts and

Nimmo, 2008). We adopted an expanded range to mimic the effect of an in-

creased viscosity due to colder oceans in the presence of NH3 (see Section 4.2).

More detailed approaches taking into account the feedback between viscosity

and grain size (e.g. Barr and McKinnon, 2007) are outside the scope of the

current work. Our assumption of a Newtonian viscosity (e.g. due to diffusion

creep - (Duval et al., 1983; Goldsby and Kohlstedt, 2001)) is justified by the

generally low stresses characteristic of convection.

As discussed in Section 2.1 the internal structure of Pluto is currently

uncertain. In particular, the silicate mass fraction (which determines the

core radius and radioactive heating) might range from 0.5 to 0.7 according

to McKinnon et al. (1997), depending on the presence of different ice phases

and/or organic material. This range results in a core radius changing by only

50 km. Such a small change will not have a large influence on our results,

because the radioactive heating will change by only ∼ ± 20%.

We also investigated whether our results are sensitive to a change of

rheological model (Maxwell) or to different ratios of the long-term viscosity

η(T ) over the short-term viscosity ηB(T ) for the Burgers model. Synchronous

rotation is reached for all the models and parameters we investigated. These

models are sensitive to the temperature and rotation period (e.g. Ojakangas

and Stevenson, 1989; Reeh et al., 2003), with the temperature being the

more important parameter. We find that the warming core allows the icy

shell to reach the temperature needed to achieve despinning irrespective of

the parameters or rheological model used.
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We also performed two simulations with initial spin periods of 3 and 9

hours respectively and the nominal rheological parameters. Both simulations

generated the present-day synchronous rotation rate. As in the previous

cases, despinning occurs over an interval of roughly one million years for an

initial period of 3h or 9h. Differences between the two cases are due to the

second dissipation peak in the Burgers model which is reached at different

times.

The radiogenic abundances also have a strong effect on the thermal evo-

lution. We used radiogenic concentrations based on carbonaceous chondrites

following Lodders (2003). Other assumed compositions might also be used,

like ordinary chondrites or enstatite chondrites. Although we have some tim-

ing constraints on the formation of different kinds of chondrites (e.g. Kleine

et al., 2009; Schulz et al., 2010), whether one of these compositions is relevant

to the Kuiper Belt is currently unclear (Ciesla, 2010). The main contributor

among the long-lived radioactive species is potassium, which may vary in

concentration from 0 for a depleted model to more than 1000 ppb (ordinary

chondrite for Castillo-Rogez et al. (2007)). Our assumed range of concentra-

tion goes from 50 ppb to 738 ppb. Higher values will make ocean formation

easier and will not significantly change our conclusions.

Other minor complications have been neglected because they are unlikely to

change the conclusions. For instance, the ice I-ice II phase transition occurs

at about 220 MPa (Leliwa-Kopystynski et al., 2002), so some cases might

result in a thin layer of ice II (cf. McKinnon et al., 1997). Similarly, the

thermal conductivity of the ice shell is somewhat uncertain, since it may be

affected by porosity (at shallow depths) and the presence of clathrates (Ross
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and Kargel, 1998).

4.2. Ammonia

In this initial study, we have neglected the role of ammonia, which can

have a profound effect on satellite evolution (e.g. Leliwa-Kopystynski et al.,

2002; Spohn and Schubert, 2003; Tobie et al., 2006; Hussmann et al., 2006;

Mitri and Showman, 2008; Stegman et al., 2009). The incorporation of few

percent of ammonia depresses the melting point (Grasset and Pargamin,

2005) of water making the formation of a subsurface ocean easier. The con-

centration of NH3 relative to H2O in Pluto is probably 1-5 wt% according

to Desch et al. (2009), although if complete nebular concentration of nitro-

gen occurred, this value could reach 15 wt% (Lunine and Stevenson, 1987;

Mousis et al., 2002; Lodders, 2003). Ammonia could also lower the shell vis-

cosity compared to pure water ice (Durham et al., 1993; Arakawa and Maeno,

1994), in the somewhat unlikely event that it is incorporated into the solid

shell. Thus, although the presence of ammonia is most likely to increase the

probability of Pluto having a present-day ocean, its effects are not entirely

obvious, and will be the subject of future study.

4.3. Effect of an ocean

Our models show that under the assumption of high reference viscosities

it is easy for Pluto to form a liquid ocean between a conductive ice shell and a

silicate core. The presence of this ocean, in turn, implies physical changes at

the interface with the core. Firstly, serpentinization of the silicate core (e.g.

Ransford et al., 1981) may occur. This chemical reaction is exothermic, but

the heat production remains very small compared to the radioactive heating
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(0.02 % of radiogenic heating (Vance et al., 2007)). Other studies show

that this process may change the thermal evolution of the core by removing

potassium from the core (e.g. Shock and McKinnon, 1993; Castillo-Rogez

and Lunine, 2010).

Although the two observables that we have focused on are surface tecton-

ics and global shape (see above), there are two other interesting consequences

of a subsurface ocean. First, the spin state of Pluto may be diagnostic of

an interior fluid layer, as has recently been argued for the large satellite Ti-

tan based on its observed obliquity and gravity moments (Bills and Nimmo,

2011). Second, ocean refreezing not only leads to large extensional stresses

within the ice shell (Nimmo, 2004) but also a pressurization of the ocean,

which in some cases may lead to cryovolcanism (Manga and Wang, 2007).

Resurfacing of some KBO’s has been advocated based on the presence of

crystalline ice (Jewitt and Luu, 2004; Cook et al., 2007). Images from New

Horizons missions will be able to clarify this topic for Pluto.

5. Summary and perspectives

Our results may be summarized as follows. Whether or not Pluto de-

velops an ocean depends on the rate of heat transfer across the ice shell

compared with the heat produced by radiogenic elements (McKinnon, 2006).

We find that, for the nominal potassium abundance, there is a critical refer-

ence viscosity above which an ocean develops. For reference viscosities in the

range 1013 − 1015 Pa s vigorous convection occurs and an ocean never forms.

For reference viscosities ≥ 4.16 × 1015 Pa s, convection is either sluggish or

absent, and present-day Pluto possesses an ocean of roughly 165 km thick-
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ness beneath a conductive ice shell 165 km thick. If the core is sufficiently

depleted in potassium, an ocean never forms irrespective of the reference

viscosity. Without an ocean during Pluto’s past, surface tectonics will be

predominantly extensional (perhaps with minor recent compression) and a

fossil bulge may be present. For cases which possess an ocean, there is no fos-

sil bulge, and compressional surface stresses should dominate (perhaps with

minor recent extension).

This study does not include the presence of volatiles such as ammonia,

which are likely present and may have an effect on Pluto’s thermal evolu-

tion. The main effect of incorporating ammonia is to produce colder ocean

temperatures and thus generate ice shells which are more likely to be conduc-

tive. Ammonia thus increases the likelihood that Pluto currently possesses

a subsurface ocean.

The broader implications of this work are twofold. First, whether icy

bodies develop subsurface oceans is an important question from both an

astrobiological (Mottl et al., 2007) and a geophysical (Schubert et al., 2010)

point of view, and this study further illuminates which parameters are most

important.

Second, and more importantly, our results demonstrate strong links be-

tween the presence or absence of an ocean, the behavior of the ice shell, and

observable surface features. To the best of our knowledge, such links have not

been proposed before for Pluto. Our results may thus be combined with im-

ages and topographic data returned by New Horizons to investigate whether

or not Pluto has a subsurface ocean. If it does, then the outer edge of the

potentially habitable zone of the Solar System will have suddenly expanded
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from 10 AU (Saturn) to 40 AU.
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Appendix A. Implementation of melting and freezing

Here our implementation of melting and freezing of the ice shell is de-

scribed in more detail.

Figures B.5a, B.5b and B.5c show the different stages of our melting cal-

culation in more detail. We begin with an icy mantle, which is modeled in

3D via OEDIPUS, overlying a silicate core modeled through the 1D conduc-

tion code (Fig. B.5a). In this case, the codes share a common temperature

point at the interface. Once the radially-averaged melt fraction at a partic-

ular level of OEDIPUS exceeds a threshold (here set to be 5 %), this level

is removed from the OEDIPUS grid and added to the conduction code grid.

Because the number of OEDIPUS grid-cells is kept constant, we recalculate

the OEDIPUS grid size to account for the thinning of the solid ice shell, and

interpolate the different fields (temperature, velocity and pressure) onto the

updated grid. The level removed from OEDIPUS continues to melt in the

1D code according to equation 7. Heat transfer into and out of this level is

calculated as follows. The bottom OEDIPUS point (Rj in Fig.B.5b) is set

to the melting temperature, and the heat flux out of the level is set by the
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temperature difference between Rj and Rj+1. The heat flux into the level

is given by Fc

(

Rc

Rj−1

)2

, as in the main text. Once melting at that level is

complete, the heat flux from the ocean is assumed to impinge directly on

the bottom OEDIPUS grid cell (Fig. B.5c), and the subsequent evolution of

that cell is governed by equation 6.

When freezing occurs, a slightly different scheme must be employed. The

location of the freezing front within the top conductive level is tracked.

Since this point is at the melting point, the temperature at Rj (T (equ.)

in Fig.B.5b)) is then calculated by linear interpolation. Once the top con-

ductive level is fully frozen, the OEDIPUS grid is expanded and the various

fields are interpolated onto the updated grid. The process then repeats.

The procedures outlined above are discrete approximations of a contin-

uum process. To check the freezing calculation, we compared the results with

the classical (Cartesian) Stefan solution (e.g. Turcotte and Schubert, 2002)

in the case with zero basal heat flux. Figure B.6a shows how the numerical

results compare with the analytical case for different numbers of radial grid

points N . The error decreases as N increases. For the melting case, we

started with a solid shell and verified that, for a fixed basal heat flux, the

equilibrium numerical shell thickness matched the expected analytical value

(Fig. B.6b).

Appendix B. Benchmarks and Rayleigh number

Appendix B.1. OEDIPUS benchmark

To check that our code was working correctly, we compared it with the

results of comparative studies of spherical, temperature-dependent viscosity
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codes given by Stemmer et al. (2006) and Choblet et al. (2007). These so-

lutions are given for two different Rayleigh numbers and perturbations. In

all cases the dimensionless temperature is set to 0 at the surface and 1 at

the inner boundary, the ratio of the inner over the outer radius is set to

f = R1/R0 = 0.55 and the boundary conditions are free-slip. The Rayleigh

number is defined at the viscosity given by a dimensionless temperature

of 0.5. The first case uses a Rayleigh number of Ra1/2=3500 and a cubic

perturbation (T (r, θ, φ) = Ti(r, θ, φ) + ǫY 3
2 (θ, φ) × sin(π(r − R1))) where T

is the final temperature, Ti initial temperature, ǫ small perturbation, Y m
l

spherical harmonic of degree l and order m, r dimensionless radius and R1

and R0 dimensionless inner and outer radius, respectively while the second

case uses a Rayleigh number of Ra1/2=7000 and a tetrahedral perturbation

(T (r, θ, φ) = Ti(r, θ, φ)+ ǫ(Y 4
0 (θ, φ)+5/7 Y 4

4 (θ, φ))× sin(π(r−R1))). Table

B.5 summarizes these results and shows that our code’s results are consistent

with the previous ones.

Appendix B.2. Treatment of viscosity

The Rayleigh number in our model (equation 4) is defined at the base

of the ice shell, at temperature Tb. It therefore depends on the viscosity at

the base of the ice shell, ηb, where the temperature-dependence of the ice

viscosity is given by an Arrhenius relationship (equation 8).

For numerical reasons, OEDIPUS is unable to deal with the extremely

large viscosity contrasts between the base of the shell and the surface implied

by the Arrhenius relationship. We define a reference temperature Tm =

273 K, a reference viscosity ηm = η(Tm) and the ratio avism between the

surface viscosity ηsurf and the reference viscosity: ηsurf = ηm exp(avism). The
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maximum value of avism which OEDIPUS can run at is 14, equivalent to a

viscosity ratio of ∼ 1.2× 106.

We therefore calculate the viscosity within the shell using the full Arrhe-

nius equation equation (8), but impose a maximum value of ηb exp(avism).

Because this cutoff only applies to ice which is cold and highly viscous, the

exact value of the cutoff is not expected to have any significant effect on the

convective circulation.

Many numerical schemes (Solomatov, 1995, e.g.) replace the Arrhenius

viscosity (ηA) with the simpler Frank-Kamenetskii approximation (ηFK). Near

the reference temperature, these two descriptions result in similar viscosities,

but at lower temperatures there is an increasing divergence. The temperature

derivatives in the two cases are given by

∂ηFK

∂T

∣

∣

∣

∣

T=Tm

= η(Tm)

(

−avism
Tm − Tsurf

)

(B.1)

∂ηA

∂T

∣

∣

∣

∣

T=Tm

= η(Tm)

(

−Ea

RT 2
m

)

(B.2)

and setting the two equal results in an expression for avism:

avism =

(

Ea(Tm − Tsurf)

RT 2
m

)

(B.3)

Here Tsurf is the surface temperature and Ea is the activation energy. For

realistic ice parameters (Ea = 50 − 60 kJ mol−1, R = 8.314 J mol−1 K−1,

Tm = 273 K and Tsurf = 40 K ), we obtain avism=18.8-22.6, somewhat higher

than the maximum value permitted by OEDIPUS.

34



Appendix B.3. Critical Rayleigh number

Following Solomatov (1995), the critical Rayleigh number in a strongly-

temperature dependent fluid may be written as:

Rac = 20.9 (xp)4 (B.4)

where x and p = γ (Tb − Tsurf) are dimensionless parameters and here

the Frank-Kamenetskii description of viscosity is being used: η(T ) = ηsurf

exp (−γ (T − Tsurf)). As long as Tb = Tm, equation (B.3) makes it clear that

p=avism. Here Ra is being evaluated based on the viscosity at the base of

the fluid (Tb).

Equation (B.4) was derived for a Cartesian geometry, in which case x=1.

In a spherical shell, the different surface areas of the upper and lower bound-

aries would be expected to change the value of x. For instance, Barr and

McKinnon (2007) studied the onset of convection on Enceladus and found

that in this case x ≈ 2, due to the temperature-dependent conductivity and

spherical geometry. Here we focus on the latter effect.

To do so, we made two sets of simulations: the first with a viscosity

law following the Frank-Kamenetskii approximation and the second with an

Arrhenius law. In the latter case, as before we impose a maximum viscosity

contrast of exp(p) across the fluid. Both sets have the same basal viscosity,

free-slip boundary conditions and random initial perturbations. The initial

temperature profile is set to the conductive solution. We then investigate

three values of f(= R1/R0): 0.9 to be as close as possible to a Cartesian

case, 0.72 which is the value chosen for Pluto and 0.55 to have a low value.

Moreover, in order to keep roughly the same dimension ratio for each cell
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independent of the value of f , we used different resolutions (r, θ, φ) for each

f : 16 × 64× 64 for f = 0.9, 32× 64 × 64 for f = 0.72 and 64 × 64 × 64 for

f = 0.55.

Fig B.7a plots Rac against p for different values of f with the Frank-

Kamenetskii viscosity. The case with f = 0.9 closely resembles the expected

Cartesian behaviour (equation B.4 with x=1, shown as the red line). As f

decreases, the critical Rayleigh number increases, in agreement with Barr

and McKinnon (2007). Fig B.7b plots results for the case with an Arrhenius

viscosity. The critical Rayleigh number is shifted to systematically higher

values compared with Fig B.7a. This is because the Arrhenius law results in

vertically-averaged viscosities which are larger than with the F-K approxima-

tion. Nonetheless, we can obtain a reasonable fit to the data for f=0.72 by

taking x=1.65 (green line). This value is somewhat smaller than the value

of x ≈ 2 obtained by Barr and McKinnon (2007), which is not surprising

because for Enceladus f ≈ 0.65.

In our numerical experiments we have Ea = 60 kJ mol−1 which implies

p=22.6 (see above). Taking x=1.65 we find that Rac ≈ 4×107 from equation

(B.4). Based on our definition of the Rayleigh number (equation 4), the

basal viscosity ηb required for the onset of convection is approximately 1.7×

1016 Pa s. That is broadly consistent with our numerical model results, in

which convection is always encountered with a reference viscosity of 4.16 ×

1015 Pa s, but not when the reference viscosity is 4.16× 1017 Pa s.
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Table B.1: Parameter values adopted. Thermal parameters for ice and silicates are

taken from McCord and Sotin (2005) and Feistel, R. and Wagner, W. (2006). T

is taken to Tm for thermal parameters of ice.

Table B.2: Relevant energy sources and sinks. The quantity ∆Teff is the implied

mean change in temperature of Pluto, assuming a bulk heat capacity of 1.7 ×

1025 J K−1 (see Table B.1).

Table Captions

Table B.3: Radioactive species and decay data used in this study following compi-

lation used by Robuchon et al. (2010). Concentrations are based on Carbonaceous

chondrites following Lodders (2003).
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Table B.4: Results of our simulations for six different reference viscosities and differ-

ent initial temperatures. Negative and positive surface stresses mean respectively

compressional and extensional stresses, evaluated at the present day.

Table B.5: Comparison of Nusselt numbers at the inner and outer boundaries (re-

spectively Nubot and Nutop) and rms velocities for 2 cases: Case 1: isoviscous case

with Ra1/2 = 3500 and a cubic perturbation and Case 2: temperature-dependent

viscosity (∆η = 20) with Ra1/2 = 7000 and a tetrahedral perturbation. The refer-

ence columns refers to the models used for comparison: Z00 (Zhong et al., 2000),

Y04 (Yoshida and Kageyama, 2004), S06 (Stemmer et al., 2006), C07 (Choblet

et al., 2007).
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Figure B.1: a) Geometry of model set-up. The ice shell is modeled using the 3D

OEDIPUS code and the silicate core with a 1D conduction model. b) Schematic

of how melting is handled within OEDIPUS (see text).

Figure Captions
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Figure B.2: a) Evolution of laterally-averaged temperature with time. The ice-

silicate interface is at r=850 km; white-dashed line is 273 K contour. Ice shell

convection initiates at 101 My and no ocean forms. Here the initial (uniform)

temperature is 150 K and the ice reference viscosity is 1013 Pa s; other parameter

values given in Table B.1. b) Evolution of surface heat flux (black line) and the

conductive heat flux out of the silicate core evaluated at the surface (red line). The

drop in core heat flux at 100 My is due to despinning heating the mantle. c) Pluto

radius change as a function of time, and resulting elastic stresses (equation 17).

Despinning occurs just after 100 My. Green line shows the boundary between

compressional (-) and extensional (+) stresses. d) Evolution of spin period (from

an initial period of 6 h) and resulting elastic equatorial stresses. Note that the

horizontal axis is at a different scale to panels a-c. e) As for a), except that the

reference viscosity is 4.16 × 1017 Pa s, the ice shell does not convect, an ocean

develops at about 232 My and the present-day ocean thickness is 165 km. f) As

for b). g) As for c). h) As for d).
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Figure B.3: Evolution of different quantities of interest as a function of initial

temperature and reference viscosity. Except for the lowest-viscosity case, the three

panels at each reference viscosity represent initial temperatures of 150, 200 and

250 K (left to right). Black stars show when the ocean thickness equals 0. a)

Evolution of RMS velocity in ice shell. Convection is assured with a reference

viscosity of 4.16 × 1015 Pa s or lower, and never occurs at 4.16 × 1017 Pa s. b)

Evolution of ocean thickness. Cases with low references viscosities never develop

an ocean. c) Evolution of surface heat flux. Peak of heat flux is obtained when

the ocean is the thickest. d) Evolution of surface stresses. Whether present-day

stresses are compressional or extensional depend mainly on whether an ocean is

present or not.

Figure B.4: a) Evolution of flattening for a case with [K] = 50 pp and a reference

viscosity of 1014 Pa s. The red line is the model flattening, calculated using the

methods described in Section 2.6; the green line is the flattening which would occur

for a completely fluid body. In this case no ocean is present. Note the present-day

fossil bulge. b) As for a), but for a case with the nominal potassium concentration

and a reference viscosity of 1015 Pa s. In this case no ocean is present but the ice

shell is convecting. Note the absence of a present-day fossil bulge. c) As for b), but

in this case the reference viscosity is 4.16 × 1016 Pa s, the ice shell is conductive,

an ocean is present, and there is no present-day fossil bulge.
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Figure B.5: Sketches of different steps of melting calculation. a) When simulations

begin the core heat flux is transferred into the icy mantle. b) When a melt layer

is present the heat coming out of the core is transferred into the layer, and its

evolution is tracked using the 1D conduction code. T (equ.) = T (Rj) and is set to

the melting point temperature when melting occurs, and is interpolated between

the base of the freezing zone and the first grid point in OEDIPUS when freezing

occurs (see text). c) When melting of that layer is complete, the heat flux Fc from

the core is transferred to the base of the 3D convection code.

Figure B.6: a) Comparison of analytical Stefan model of ice freezing with numerical

OEDIPUS results at different resolutions. b) Comparison of model equilibrium

ice shell thickness at different resolutions for a specified CMB heat flux with the

analytical solution. In both benchmarks thermal parameters are assumed constant:

k = 2.26 W m−1 K−1, Cp = 2106 J kg−1 K−1 and La = 333 J kg−1 (see Table

B.1).

Figure B.7: Relation between curvature in spherical geometry and onset of con-

vection for two different viscosity laws: a) Critical Rayleigh number as a function

of p parameter (see equation B.4) for a temperature-dependent viscosity following

the Frank-Kamenetskii approximation. b) Same as a) but for an Arrhenius law.

Red curve on both figures show the analytical solution given by the equation B.4.

Green curve on b) shows a fit of this equation with x = 1.65 for a Pluto case

(f=0.72).

54



3D finite volume

(OEDIPUS)

(32x64x64 cells)

1D finite difference

(165 levels)

R = 1180 km

3
3
0
 km

8
5
0
 km

ice

950 kg m-3

silicate

3361 kg m-3

∆r
1

∆r
2

f
m
 = 1

f
m
 = 0

f
m
 = 0

0 < f
m
 < 1

R
j+1

R
j

R
j-1

∆r
1

T
m

T
j

T
j+1

T
j+2

F
c
’

water

ice

Figure1



Figure2
Click here to download high resolution image

http://ees.elsevier.com/icarus/download.aspx?id=91093&guid=b3ed1a21-e878-4f28-8246-24d1f38bd12b&scheme=1


Figure3
Click here to download high resolution image

http://ees.elsevier.com/icarus/download.aspx?id=91110&guid=ee8e1cb1-afc6-43bd-ba15-275b717309f2&scheme=1
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Symbol Associated quantity Value Unit

R average radius 1180 km

Rc average core radius 849.6 km

ρ0 average density 1850 kg m−3

Tm reference temperature 273 K

Tsurf surface temperature 40 K

gs surface gravity 0.61 m s−2

Prot spin period 6.38726 days

a
semi-major axis

1.9705× 104 km
of the orbit

Mc Charon’s mass 1.52× 1021 kg

Ea activation energy 60 kJ mol−1

ηm reference viscosity 1013 to 4.16× 1017 Pa s

ρice ice density 950 kg m−3

ρwat water density 1000 kg m−3

ρsil silicate density 3361 kg m−3

αice

thermal expansivity
1.56× 10−4 T/250 K−1

of ice

αsil

thermal expansivity
2.4× 10−5 K−1

of silicate

κ thermal diffusivity 1.47× 10−6 (250/T )2 m2 s−1

kice
thermal conductivity

0.4685 + 488.12/T W m−1 K−1

of ice

ksil
thermal conductivity

4.2 W m−1 K−1

of silicate

La ice latent heat 333 kJ kg−1

µice shear modulus of ice 3.33× 109 Pa

Table1



Energy Value (J) ∆Teff (K) Commentary

radioactive 1.30× 1028 780
released between 30 Myr and 4.5 Gyr

after CAI formation (see Table 3)

accretion 5.70× 1027 340 3GM2/5R

thermal 3.34× 1027 210
to warm up Pluto

from 40 K to 250 K

despin 9.19× 1026 55
to slow down Pluto from 3h

to the present-day period

differentiation 8.37× 1026 49
to differentiate into a two layer

structure (Hussmann et al., 2010)

latent heat 7.20× 1026 43
to melt 200 km of ice

close to the CMB

Table2



Element
Half-life Concentration H0

τ0 (Myr) C (ppb) (W/Kg of element)

238U 4468 19.9 94.65 × 10−6

235U 703.81 5.4 568.7 × 10−6

232Th 14030 38.7 26.38 ×10−6

40K 1277 738 29.17 × 10−6

Table3



Reference
1013 1014 1015

viscosity (Pa s)

Initial
150 150 200 250 150 200 250

temperature (K)

onset of
101 106 100 101 130 101 100

convection (Myr)

end of
/ / / / / / /

convection (Myr)

onset of
/ / / / / / /

ocean (Myr)

current ocean
0 0 0 0 0 0 0

thickness (km)

current surface
2.71 2.65 2.56 2.59 2.42 2.38 2.48

heat flux (mW m−2)

surface stresses due to
18 25 7 -13 26 10 -9

volume change (MPa)

Reference
4.16× 1015 4.16× 1016 4.16× 1017

viscosity (Pa s)

Initial
150 200 250 150 200 250 150 200 250

temperature (K)

onset of
177 128 27 no no 40 no no no

convection (Myr)

end of
930 800 708 no no 105 no no no

convection (Myr)

onset of
875 255 125 186 145 115 232 140 95

ocean (Myr)

current ocean
165 165 165 165 165 165 165 165 165

thickness (km)

current surface
2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

heat flux (mW m−2)

surface stresses due to
-31 -50 -68 -30 -49 -68 -30 -49 -68

volume change (MPa)

Table4



Reference Resolution
Case 1 Case 2

Nutop Nubot Vrms Nutop Nubot Vrms

Y04 102x102x104 2.8830 - 18.4801 3.133 - 26.1064

S06 6x48x48x48 - - - 3.1447 3.1450 25.73

C07 6x32x32x32 2.8640 2.8948 19.546 - - -

our benchmarks 6x32x32x32 2.923 2.922 19.37 3.1110 3.1113 24.66

Table5


