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Summary: We investigate the interior thermal 

state that can maintain a regionally thick subsurface 
ocean underneath the South Polar Terrain of Enceladus 
by comparing timescales of melting of ice and of vis-
coelastic deformation of topography at the base of the 
shell. We found that a basal heat flux about ten times 
higher than that due to radiogenic heating is necessary 
if the icy shell is in an equilibrium state. 

Introduction: The South Polar Terrain (SPT) of 
the Saturnian satellite Enceladus is one of the most 
geologically active regions among icy worlds [e.g., 1]. 
The regional heat flux observed over the SPT of order 
200 mW/m2 is much higher than the equilibrium value 
estimated considering radiogenic and tidal heating for 
conventional Q values of Saturn [e.g., 2, 3]. Despite a 
number of studies since the discovery of plumes ema-
nating from this region, the heat production mecha-
nism that can account for this anomalously large heat 
flux is still unclear. For a better understanding of En-
celadus’ heat budget, we investigate the current interi-
or thermal state assuming an equilibrium condition as a 
starting point. 

The thermal state inside the icy shell can be in-
ferred from its viscoelastic state [e.g., 4]; warmer ice 
has a lower viscosity, leading to more rapid relaxation?, 
and vice versa. Geodetic data of Enceladus obtained by 
the Cassini spacecraft suggest that the icy shell is thin-
ner around the SPT [5]; thus, the icy shell has large-
scale topography not only at the surface [6] but also at 
its base. Since the basal temperature of the ice shell is 
the melting point, the basal viscosity of the shell would 
be low, and thus the timescale of viscous relaxation 
should be short. Lateral flow at the in the shell should 
therefore efficiently remove basal topography, but this 
is apparently not consistent with geodetic observations. 
A likely mechanism to maintain basal topography is 
melting of the shell near the SPT; the timescale of 
melting and that of viscous relaxation would need to be 
comparable.  

A previous comparison of these timescale [7] as-
sumed a regional ocean and extremely large heat flux-
es from the core. In this study, we compare these time-
scales assuming a global ocean, which is suggested 
from a recent study of Enceladus’ libration [8], and a 
wide variety of heat fluxes and temperatures at the 
base of the shell. 

Timescale of melting: The timescale of melting 
𝜏𝜏melt can be estimated analytically: 

𝜏𝜏melt = 𝜌𝜌𝜌𝜌𝜌𝜌/𝑃𝑃melt 

where 𝜌𝜌, 𝐿𝐿, 𝑉𝑉, and 𝑃𝑃melt are the density of ice (= 950 
kg/m3), the latent heat of ice (= 0.33 MJ/kg), the vol-
ume of ice to be melted, and the power used for melt-
ing, respectively. The volume 𝑉𝑉 is assumed to be the 
regionally thickened portion of the subsurface ocean. 
We assume that the icy shell is completely isostatically 
compensated and calculate the basal topography adopt-
ing the surface topography [6] and the density of ocean 
of 1000 kg/m3. We found that 𝑉𝑉 ~ 8.2 × 1014 m3. If 
𝑃𝑃melt  is equal to the conventional long-term limit of 
tidal heating 𝑃𝑃tide = 1.1 GW [3], 𝜏𝜏melt ~ 7.4 Myr (Fig-
ure 1).  

 
Figure 1:  The timescale of melting as a function of the 
power used for melting. 
 

Timescale of viscoelastic deformation: In contrast 
to the timescale of melting, that of viscoelastic defor-
mation, 𝜏𝜏rel , needs to be estimated numerically. We 
assume a three-layer incompressible Enceladus model 
consisting of an icy shell, a global subsurface ocean, 
and a rocky core. The layers are assumed to be a 
Maxwellian viscoelastic body, an inviscid fluid, and a 
purely elastic body, respectively. A wide range of icy 
shell thickness 𝐷𝐷sh  is considered while the radius of 
Enceladus, the ocean thickness, and the mean density 
are fixed; the density of the core is calculated from 
these values. 

The viscosity profile of the shell is obtained from 
the temperature profile. We assume that the icy shell is 
currently in a thermally equilibrium: heat from the core 
and heat production due to tides in the shell are bal-
anced with heat transportation due to thermal conduc-
tion [9]. We apply the rheology of pure water ice to 
this thermal profile and calculate the viscosity as a 
function of depth. Reference viscosity 𝜂𝜂0 of ice, tem-
perature 𝑇𝑇base at the base of the icy shell, and strain 
rate 𝜀𝜀̇, which is required to calculate the tidal heating 
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rate, are free parameters. The basal heat flux 𝑞𝑞base is a 
function of 𝐷𝐷sh  and these parameters. Although the 
interior structure adopted in this study is simple partic-
ularly below the icy shell, the timescale of viscoelastic 
deformation depends only weakly on the deep interior 
structure. Thus, the use of a more realistic deep interior 
structure model would not change our conclusion sig-
nificantly. 

We calculate the time evolution of topography at 
the base of the icy shell using a semi-analytical code 
involving spherical harmonic expansion [4]. Results 
for harmonic degree 𝑛𝑛 = 2 are shown in Figure 2. As 
expected, we found that a thicker shell and a lower 
reference viscosity both lead to a shorter relaxation 
timescale. We also found that a thick icy shell with a 
low reference viscosity cannot be in an equilibrium 
state (i.e., a negative basal heat flux is required). Note 
that the deformation timescale of basal topography is 
longer for a lower harmonic degree (i.e., longer wave-
length) [e.g., 10]. Thus, results for 𝑛𝑛 = 2 shown in Fig-
ure 2 provide the upper limit for the viscoelastic de-
formation timescale. 

 
Figure 2: The timescale of viscoelastic deformation at the 
base of the icy shell. Results for 𝑛𝑛 = 2, 𝑇𝑇base = 270 K, and 𝜀𝜀̇ 
= 4 × 10-10 s-1 are shown. The white area has no solution. 
 

Comparison and discussion: Figure 3 summarizes 
the relation of these two timescale. Here 𝑃𝑃tide (= 1.1 
GW) is used not only to melt the shell but also to 
maintain the shell temperature. The amount of power 
used to warm the shell can be calculated from the 
thermal profile. We found parameter conditions that 
can lead to 𝜏𝜏rel = 𝜏𝜏melt only if 𝑞𝑞base ≳ 5 mW/m2 (the 
green shaded area in Figure 3); below this basal heat 
flux, relaxation is faster than melting, leading no basal 
topography. Note that this is based only on results for 
𝑛𝑛 = 2; higher degree topography relaxes faster, leading 
an expansion of the red shaded area in Figure 3. Thus, 
a much higher basal heat flux is needed to maintain a 
regionally thick ocean.   

The minimum basal heat ~5 mW/m2 is about one 
order of magnitude larger than that expected from ra-

diogenic heating in the core. A possible additional heat 
production mechanism in the core is hydrothermal 
reaction [11], though it is unlikely that it can produce 
sufficiently large amount of heat. 

A recent interpretation of astrometric data suggests 
a tidal heating rate about one order of magnitude high-
er [12]. We repeated the above analysis varying the 
value of 𝑃𝑃tide  and found that 𝑞𝑞base  can be as low as 
that expected from radiogenic heating if 𝑃𝑃tide ≳  10 
GW. Thus, if most of tidal heat of ~10 GW is used to 
melt the icy shell below the SPT, a regionally thick 
ocean can be maintained without invoking anomalous-
ly large heat production in the core. Nevertheless, this 
model may be difficult to reconcile with the current 
state of another satellite, Mimas [1]. 

This work assumes a current equilibrium (i.e., 
steady-state) Enceladus and requires a large amount of 
additional heat – either enhanced tidal heating or a heat 
source of unspecified origin in the core. The actual 
Enceladus may not be in such a state; episodic heat 
production [13], which is not modeled in this work, 
may largely contribute not only to the observed high 
surface heat fluxes but also to the presence of such a 
subsurface ocean. 

 
Figure 3: Comparison of timescales of meting and viscoelas-
tic deformation of the icy shell. Results for 𝑛𝑛 = 2 and 𝑃𝑃tide = 
1.1 GW are shown. Parameter conditions that can lead to 
𝜏𝜏rel = 𝜏𝜏melt can be found only in the green area. 
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