
On the survival of an internal liquid water reservoir at
Enceladus’ south pole
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Abstract
The eruptions of water vapor and ice particles on Ence-
ladus’ south pole [1] together with huge heat produc-
tion reaching 15 − 21 GW [2] suggest the presence of
a strong source of energy within Enceladus’ interior.
Tidal dissipation is the most likely candidate. Never-
theless, the significant power can be reproduced only
if a liquid layer exists at depth [3]. As the presence
of a global ocean is challenging [4, 3], we suppose
here only a local ocean at the base of the ice shell.
By systematically varying the orbital parameters and
width of a local ocean, we investigate the conditions
under which a liquid reservoir can be thermally stable
in Enceladus’interior, see also [5].

1. Method and model
By varying orbital and physical properties, specifically
the eccentricity and the predefined width ∆ of the local
liquid reservoir below the ice I shell, we study whether
the liquid reservoir may be maintained and what is the
minimal thickness of such a predefined reservoir in or-
der to avoid its crystallization. In order to assess the
thermal stability of the liquid reservoir and its effect
on the dynamics of the overlying ice shell, we use a
tool that solves simultaneously subsolidus convection
and tidal dissipation in 3D spherical shell [6]. In this
approach, tidal dissipation induced by the presence of
external tide-generating body is taken as a source of
volumetric energy for the convection [6]. Numerically,
the reservoir at the base of the icy shell is represented
by the following boundary conditions: free-slip and
constant (melting) temperature are imposed in the con-
vective part, the force equilibrium is prescribed for the
tidal dissipation part. For areas with no liquid reser-
voir, no-slip and constant heat flux corresponding to
the radiogenic heating in the core is prescribed. By
balancing the melt production and the heat transported
from the liquid reservoir, the conditions for possible
survival of such a reservoir are predicted.

Two end-member models are considered for the
description of melt production and transport: First,
the instantaneous melt extraction (IME model) is em-
ployed, i.e. any melt produced in a given time step is
immediately transported to the base of the icy shell,
without interacting with the underlying ice. Second,
thermal equilibrium percolation (TEP model) is sup-
posed. In this approach, any created melt is propa-
gated downwards and a thermal equilibrium is taken
into account, i.e. latent heat due to melting or freez-
ing is always balanced by temperature variations of the
surrounding ice.

The rheological properties of viscosity are de-
scribed by the Arrhenius law. The activation en-
ergy is 50 kJ/mol for temperatures lower than 255 K
and E∗ = 190 kJ/mol for temperatures higher than
255 K, in order to take into account creep enhance-
ment due to premelting effect. The reference viscosity
ηref is 1015 Pa · s for the reference temperature Tref

255 K.

2. Results
All simulations presented here are started from a sta-
tistical steady state (thermal equilibrium state) without
any tidal dissipation, i.e. for zero eccentricity. Then
the eccentricity is increased to a particular value vary-
ing between 1 and 10 times the current eccentricity ec.

2.1. Influence of eccentricity
The results for the internal reservoir covering the
whole southern hemisphere (∆ = 180◦) are shown
in Figs. 1–2 for eccentricities 4-, 5- and 6-times higher
than the current eccentricity. Due to significant tidal
dissipation, the interior temperature within the con-
vecting part increases progressively. The global dissi-
pation first slightly increases until the internal temper-
ature reaches the value corresponding to the maximum
heat production (Tmax = 263 K, for the rheological
parameters chosen here), then the global dissipation
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Figure 1: Time evolution of global tidal heating (left) and melt
production (right), for ocean width 180 ◦.
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Figure 2: Variations of ocean thickness (orange) due to tidally-
induced internal melting (red) and water solidification due to heat
loss at the ocean/ice interface (blue) for the model with ocean width
180 ◦ and 5-times current eccentricity.

strongly decreases as the internal temperature is grow-
ing fast. At later stages, a slight increase of the dissi-
pation is observed due to heating of the cold areas in
the vicinity of the convecting part (Fig. 1a). Addition-
ally, only weak dependence of the global dissipation
on the melt model is observed. The melt production
(Fig. 1b) occurs predominantly below the stagnant lid
and it depends strongly on the global dissipation. Also,
as expected, the melt production for TEP model is de-
layed due to the interaction with ice in comparison
with the most efficient model of the melt production
(IME model).

Fig. 2 displays the net variations of ocean thick-
ness (orange) corresponding to the difference between
water production due to tidally-induced internal melt-
ing (red) and water solidification due to heat loss at
the ocean/ice interface (blue). At the beginnning of
the simulations (Fig. 2, 5x ec), the ocean first crys-
tallizes, but after 3 My in IME model and 4 Myr in
TEP model, the internal melt production balances the
interface freezing and the ocean thickness rapidly in-
creases. For eccentricity of 4ec, increase of the ocean
thickness is also obtained but after a longer initial
freezing phase.

2.2. Influence of reservoir width
The global tidal heating production for the initial con-
ditions and for different reservoir widths is summa-
rized in Tab. 1. Similarly to Tobie et al. [3], the width
of the reservoir must be spread over majority of the
southern hemisphere in order to obtain high deforma-
tions connected to the high tidal dissipation producing
the melt. In the case of width ∆ = 60◦, the eccen-

e/ec ∆ = 60◦ ∆ = 120◦ ∆ = 180◦

1 0.003 0.09 0.5
3 0.023 0.81 4.3
6 0.090 3.24 17.2
10 0.250 9.00 47.5

Table 1: The global tidal dissipation in GW for equilibrium initial
conditions depending on eccentricity and width of the liquid reser-
voir.

tricity must be an order magnitude higher than the cur-
rent one. For widths 120◦ and 180◦, we have obtained
melting for eccentricities higher than 5ec and 3ec, re-
spectively.

3. Summary and Conclusions
In our models, melt production is predicted for the liq-
uid reservoir covering 120◦ and 180◦ area around the
south pole for eccentricities higher than 5ec and 3ec,
respectively. For the reservoir width ∆ = 60◦, the
tidal dissipation rate is negligible unless the eccentric-
ity is one order of magnitude higher than the current
one. For ∆ = 180◦, tidally-induced internal melt-
ing is able to balance the freezing due to convective
heat loss for eccentricity larger than 4 times the current
value of 0.0045. These results suggest that the survival
of an internal liquid reservoir is possible if Enceladus
experiences frequent periods with elevated orbital ec-
centricity during its evolution. An ocean may survive
if periods with low eccentricity (close to the current
value) last only a few millions of years. However, if
the liquid zone gets too small (< 120◦), it becomes
difficult to restart the melting process.
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