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Introduction The discovery of the thermal anomaly in the
south polar region of Enceladus [1], has launched a great deal
of interest in potential activity in the ice shell. It is assumed
that the observed thermal anomaly is an expression of ongoing
internal heating due to tidal dissipation. Under reasonable
rheologic conditions it is not possible to generate significant
tidal dissipation in the silicate core. Substantial tidal heating
may be produced in the ice shell if it is decoupled from the
core by a subsurface ocean. Thus, such an ocean is believed
to exist in order to explain the observed activity.

However, because the core heat production is so small,
we find that convective and even conductive heat transport is
sufficient to cool the interior, such that a liquid ocean cannot
be in long-term thermal equilibrium.

Tidal Heating We computed the tidal heating in an Ence-
ladus model with three primary layers, a silicate core of radius
160 km, and a water ocean and icy mantle with total thickness
90 km, and allowed the ice-water interface to vary between
models. Using the general approach of [2], and a propagator
matrix method similar to [3], we solved for the heating in a
uniform viscosity (η) ice shell and silicate core [4]. A thinner
shell is more easily deformable and has a greater tidal heating
rate. However, a thin shell also has a smaller volume, limit-
ing the total heat production within it. These two competing
effects result in a critical shell thickness,dc at which the max-
imum heat flow occurs.dc is viscosity-dependent but is less
than 5 km for all the models considered here. However, the
length scales of surface features are inconsistent with a very
thin ice shell, so the actual heating rate is unlikely to be near
the maximum.

The tidal heating in the silicate core is very small for
any reasonable core viscosity (η ≥ 1013 Pa s) , about three
orders of magnitude less than the radiogenic heating assuming
a chondritic core. We therefore assume that tidal heating isnot
significant in the core of Enceladus and that the heat flux out of
the core,Fc is entirely due to radiogenic heating, resulting in
Fc = 1.9 mW m−2. For the ocean to be in thermal equilibrium,
Fc must equal the heat flux across the base of the ice shellFb

(modified by an appropritate geometric factor). The problem
then becomes one of determining what ice shell thickness,d,
is consistent with thisFb for a given ice viscosity structure.

Convection We address this question by modeling con-
vection in the ice shell. The bottom boundary is at the melting
point of water, and the surface temperature is about 80 K, but
varies with latitude [5]. We modeled the convection using
the 2D-axisymmetric version of Citcom [6] modified to in-
clude the tidal heating from our earlier models. We assume
a Newtonian temperature-dependent viscosity, with activation
energyEa = 60 kJ/mol [7]. The heating models assume that
the material properties within a given layer are constant. We
therefore modify the tidal heating at each point based on the
localη, according to [5,8].

For the convection modeling, we only considered ice shells

at least 40 km thick. Thinner ice shells are conductive. For
each of the tidal heating models in this regime, we ran a cor-
responding convection model to statistical steady state and
examinedFb. For a model to be in thermal equilibrium,Fb

must matchFc. Fig. 1 showsFb for each model. In virtually
every case, the heat flux determined from the convection mod-
eling is many times greater than that produced by a chondritic
silicate core. Thus we conclude that a stable liquid ocean on
Enceladus is inconsistent with a convecting ice shell. Onlythe
low viscosity (η = 1013 Pa s) series produces heat fluxes that
intersect the chondritic core value (marked by the solid line).
However, these cases are tidally heated to such an extent that
convection cannot cool them, and the lower part of the ice shell
melts. The ice shell thins and becomes conductive.

Our results suggest that no combination ofη andd allows
thermal equilibrium to be established for convective shell, sub-
surface ocean and chondritic core. In most cases, convection is
able to remove the tidal heating as well as cooling the interior.
This cooling would cause the ocean to freeze onto the base of
the ice shell. Once the ocean freezes completely, the ice shell
is no longer decoupled from the silicate core, and tidal heating
is greatly reduced. Convection most likely ceases in this case.

Conduction We have also investigated the possiblity that
an ocean may exist beneath a conductive ice shell. To deter-
mined that is consistent with the previously established low
value forFc, we make an initial guess as to the thickness and
viscosity structure of the ice shell, and find the tidal heating
using the same procedure as before. We then compute the

Figure 1:Fb as a function ofd from convection models. Blue
line denotes that expected from a chondritic core. Values have
been normalized to the surface area of the planet. ”visc” refers
to the viscosity at the base of the ice shell.
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conductive temperature, and resultingη(T ) consistent with
this heating, subject to the same temperature boundary condi-
tions used in the convective model, adjustingd as needed in
order to matchFb (the computed heat flux at the base of the ice
shell) toFc. We iterate between the heating and temperature
models until we have a self-consistent solution.

We find however, that there is no possibled that results in a
sufficiently lowFb to matchFc. The heat flux generally scales
with the inverse ofd. However, even a 90 km (the maximum
possible thickness) ice shell (assuming aη0 = 3×1013 Pa s),
hasFb ∼ 8 mW m−2, or about 4 timesFc. Fig. 2 shows the
dependence of theFb onη0.

The physical explanation for this is as follows. Although
the conductive heat flux is less than the convective heat flux,
the reduction in the case of Enceladus is not that great. Heat
flux tends to scale with the thickness of the stagnant lid. For
the convection models in this study, the stagnant lid is nearly
half of d. Thus, the conductive heat flux is only a factor of
∼2 lower than the convective flux. A strongly heated ice shell
may result in a low temperature difference across the bottom
boundary, and thus a low heat flux (e.g. Fig. 1, circles).
However, the larger viscosity variations in the conductivecases
result in stiffer outer layers. This restricts the deformation
of the warmer, lower layers, and reduces the tidal heating
everywhere. Although tidal dissipation deep in the ice shell is
still the dominant heating mechanism in a conductive ice shell,
it is insufficient to reduceFb to matchFc. This will result in
the freezing of any subsurface ocean, and the reduction of the
interior temperature. A 40 km thick ocean will freeze in∼30
Ma, a similar timescale to that of the orbital evolution.

DiscussionIn order to maintain a steady-state subsurface
ocean on Enceladus, at least one of the following conditions
must be met:

1. The silicate core is more strongly heated, raisingFc and
relaxing the severe restriction onFb. The radiogenic heating is
unlikely to deviate significantly from chondritic value assumed

Figure 2: MinimumFb for a 90 km conductive ice shell

here. Under no plausible Maxwellian rheology can the core
experience siginificant tidal dissipation. Thus, in order for
this condition to be satisfied, the core must behave in some
non-Maxwellian manner that is more dissipative.

2. The ice shell is more strongly heated, reducing∆T

across the base, and likewiseFb. One way is to reduce the
overall viscosity in the ice shell. However, no value ofη0

reducesFb by enough in the conductive case. A convective
shell withη0 ≤ 1013 Pa s, may have sufficiently lowFb (Fig.
1), but will melt and evolve to a conductive state in which the
heating is reduced. Dissipation in the ice shell may also be
increased if the orbital eccentricity,e was higher in the past
[9]. Increasinge by a factor of 3 from the present-day value is
sufficient to sustain an ocean.

3. The ocean may not be pure water. If the ocean contains
substantial amounts of other volatiles (e.g. ammonia), the
melting point may be severely depressed. However, even at
the H2O - NH3 peritectic temperature of 175 K [10],Fb ∼ 4
mW m−2. Furthermore, there is no observational evidence for
so vast an amount of NH3.

We do not find any of these alternatives particularly attrac-
tive. An increasede in the past is plausible [9], but implies an
ocean would be transient. We also point out that our models
fail to reproduce the observed surface heat flux (Fs) of 100
mW m−2 in the south polar region [1], a result also found by
[10]. Fs for the convection models was≤ 35 W m−2 for all
cases.

We suggest therefore that the south polar thermal anomaly
may be the result of a regional and possibly transient effect
rather than global convection and heating. Shear heating re-
sulting from slip along the "tiger stripes" [11] may produce
sufficient heating in the near surface to explain the observation
and may also affect the interior dynamics [12]. The regional
shear heating can explain the existence of exactly one thermal
anomaly, despite the tendency of the degree 2 tidal heating to
produce two plumes, one at each pole.

Our results suggest that a subsurface ocean on Enceladus
cannot exist in the steady-state. Independent dynamical argu-
ments [9] suggest that the observed heat anomaly [1] cannot
be sustained given Enceladus’ current orbit. This does not pre-
clude a transient or periodic ocean. A low-viscosity convecting
shell may undergo melting and thinning until it becomes con-
ductive. The heating in the conductive shell would drop and
the shell may thicken until convection set in again. Alternately,
periodic eccentricity variations may cause an ocean to grow
and shrink on that timescale, provided it never freezes com-
pletely. These remain intriguing problems for future study.
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