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a b s t r a c t 

Recent geodetic measurements for Enceladus suggest a global subsurface ocean that is thicker beneath 

the south pole. In order to maintain such an ocean, viscous relaxation of topography at the base of the 

ice shell and melting of ice need to be balanced. In this study, we investigate the interior thermal state 

that can lead to the relaxation timescale being comparable to the melting timescale. Our results indicate 

that a basal heat flux about ten times higher than that due to radiogenic heating, or an ice shell tidal 

heating rate about ten times higher than the conventional estimate of 1.1 GW is necessary if the ice shell 

is in thermal equilibrium. These requirements are concordant with recent astrometric studies. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

Multiple flybys of the Cassini spacecraft revealed that the South

olar region of the Saturnian satellite Enceladus is one of the most

eologically active regions among icy worlds (e.g., Spencer and

immo, 2013 ). One striking result is that Enceladus is currently

roducing plumes of gases and solid particles, strongly suggest-

ng the presence of a subsurface ocean in Enceladus (e.g., Porco

t al., 2006; Postberg et al., 2009; Waite et al., 2009 ). This result

s surprising because such a small satellite (i.e., ∼250 km in ra-

ius) is expected to undergo ocean freezing on a timescale of or-

er 10 7 –10 8 yr ( Roberts and Nimmo, 2008 ). Data from the infrared

pectrometer onboard Cassini also revealed a hot south pole; the

ower output across this region is ∼5–15 GW (e.g., Spencer et al.,

006; Howett et al., 2011 ). This amount of heat is much larger

han the equilibrium value conventionally estimated considering

idal heating and radiogenic heating in the core ( Meyer and Wis-

om, 2007; Roberts and Nimmo, 2008 ). Despite a number of stud-

es since the discovery of plumes emanating from this region (e.g.,

oberts and Nimmo, 2008; Tyler, 2008; O’Neill and Nimmo, 2010;

hoji et al., 2014; Travis and Schubert, 2015; Roberts, 2015 ), the

eat production mechanism that can account for this anomalously

arge amount of heat is still unclear. For a better understanding of

nceladus’ heat budget, we investigate the current interior thermal

tate assuming an equilibrium condition as a starting point. 
∗ Corresponding author. 

E-mail address: kamata@sci.hokudai.ac.jp (S. Kamata). 
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The thermal state inside an ice shell can be inferred from its

iscoelastic state (e.g., White et al., 2013; Kamata and Nimmo,

014 ); warmer ice has a lower viscosity, leading to more rapid re-

axation, and vice versa. Geodetic data of Enceladus obtained by

he Cassini spacecraft suggest that the ice shell has a mean thick-

ess of ∼25 km and is thinner around the South Polar Terrain (SPT)

 Beuthe et al., 2016; Čadek et al., 2016; Iess et al., 2014; McKinnon,

015; Thomas et al., 2016; Van Hoolst et al., 2016 ); the ice shell

hus has large-scale topography not only at the surface ( Nimmo

t al., 2011 ) but also at its base. Since the basal temperature of

he ice shell is the melting point, the basal viscosity of the shell

ould be low, and thus the timescale of viscous relaxation should

e short. Lateral flow in the deep part of the ice shell should there-

ore efficiently remove basal topography, but this is apparently not

onsistent with the geodetic observations. A likely mechanism to

aintain basal topography is melting of the shell near the SPT; the

imescale of melting and that of topography relaxation would need

o be comparable. 

Collins and Goodman (2007) compare these two timescales as-

uming a regional subsurface ocean and find that such an ocean

an be maintained. This result, however, is based on calculations

ssuming extremely large heat fluxes from the core; several GW of

hermal emission are assumed at the base of the regional ocean.

lthough this assumption is consistent with observations at the

urface, it is about ten times larger than radiogenic heat from the

ore. If the heat from the core is only due to radiogenic sources,

s it possible to maintain a regionally thick subsurface ocean? If

ot, how large an amount of heat is necessary to maintain such an

cean? These questions remain uncertain. 

http://dx.doi.org/10.1016/j.icarus.2016.11.034
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.11.034&domain=pdf
mailto:kamata@sci.hokudai.ac.jp
http://dx.doi.org/10.1016/j.icarus.2016.11.034
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Table 1 

Model parameters. 

Symbol Quantity Value Unit 

R s Radius of Enceladus 252.1 km 

D sh Thickness of the ice shell 10–56 km 

g s Surface gravity 0.11345 m s −2 

ρ i Density of the ice shell 920 kg m 

−3 

ρo Density of the ocean 10 0 0 kg m 

−3 

ρm Density of the mantle 2470 kg m 

−3 

μi Rigidity of the ice shell 3.3 GPa 

μm Rigidity of the mantle 10 GPa 

k Thermal conductivity of ice 2.3 W m 

−1 K −1 

L Latent heat of ice 330 kJ kg −1 

2 π / ω Orbital period 1.37 days 

T s Surface temperature 75 K 

T ref Reference temperature 273 K 

T b Basal temperature 180–270 K 

E a Activation energy 60 kJ mol −1 

ηref Reference viscosity of ice 10 12 –10 17 Pa s 

˙ ε Strain rate 2 × 10 −10 –5 × 10 −10 s −1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Cross section of the upper part of our Enceladus model. V represents the 

volume of the thickened portion of the ocean. 
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In this study, we compare timescales for melting and relax-

ation under a wide variety of thermal conditions at the base of

the ice shell. We assume that the ice shell is in a thermal equilib-

rium and is overlying a global subsurface ocean, which is suggested

from a recent study of Enceladus’ librations ( Thomas et al., 2016 ).

Section 2 describes our interior structure model for Enceladus.

Sections 3 and 4 describe methods and results for the timescale

for melting and that for relaxation, respectively. Section 5 com-

pares these timescales and discusses implications for Enceladus’

heat budget. 

2. Interior model 

We adopt a three-layer incompressible Enceladus model con-

sisting of an ice shell, a global subsurface ocean, and a rocky core.

The layers are assumed to be a Maxwellian viscoelastic material,

an inviscid fluid, and a purely elastic material, respectively. Table 1

lists the model parameters adopted. The background thickness of

the ice shell ( D sh ) is a free parameter and is less than 60 km; oth-

erwise the ice shell contacts the core. An increase in D sh requires

an increase in the radius of the rocky core in order to lead to the

same surface gravitational acceleration for a given satellite radius

and given densities for each layer. Although these changes slightly

affect the moment of inertia, our model gives a normalized mo-

ment of inertia of ∼ 0.33, which is consistent with geodetic obser-

vations ( Iess et al., 2014; McKinnon, 2015 ). 

We assume that the ice shell is completely (Airy) isostatically

compensated. Topography at the base of the shell ( h b ) is then given

by 

h b = 

ρi 

ρi − ρo 

g s R 

2 
s 

g b ( R s − D sh ) 
2 

h s , (1)

where h s is surface topography, ρo is density of ocean, g s is grav-

itational acceleration at the surface, g b is that at the base of the

shell, and R s is the radius of Enceladus, respectively. The second

factor represents the correction factor for the finite curvature. Note

that our model considers the balance of vertical stresses only; this

is different from a new isostatic model that minimizes deviatoric

stresses ( Beuthe et al., 2016 ). This difference, however, does not

change the crustal structure significantly. We use the zonal com-

ponents of surface topography given by Nimmo et al. (2011) . 

Fig. 1 shows results for D sh = 20 km. The location where the

base of the shell becomes the deepest gives the extent of the thick-

ened portion of the subsurface ocean. The volume of this portion

( V ) ranges between ∼ 4.2 × 10 5 km 

3 (for D sh ∼ 60 km) and ∼ 4.8

× 10 5 km 

3 (for D ∼ 10 km). We note that D > 9.5 km is neces-
sh sh 
ary in order for the minimum shell thickness to exceed zero and

 sh < 55.6 km to avoid contact between the shell and the silicate

ore. Consequently, the range of D sh we explore is between 9.5 km

nd 55.6 km. 

The viscosity profile of the ice shell is calculated from its tem-

erature profile. In this study, we assume that the ice shell is in

hermal equilibrium: heat from the core and heat production due

o tides in the shell are balanced with heat transport due to ther-

al conduction. The temperature profile is given by 

 = 

1 

r 2 
d 

dr 

(
kr 2 

dT 

dr 

)
+ H ( r ) , (2)

here T is temperature, k is thermal conductivity (taken to be con-

tant), r is radial distance from the center of Enceladus, and H is

eat production rate, respectively. The heat production rate H for a

axwell body is given by 

(r) = 

2 μ ¯˙ 
2 ε 

ω 

(
ω η(r) /μ

1 + ( ω η(r) /μ) 
2 

)
, (3)

here μ is rigidity, η is viscosity, ω is orbital frequency, and ˙ ε
s strain rate, respectively ( Ojakangas and Stevenson, 1989 ). See

able 1 for values we used. Temperature at the base of the shell

 T b ) and strain rate ( ̇ ε ) are free parameters, and we adopt 180–

70 K and 2 × 10 −10 –5 × 10 −10 s −1 , respectively. Such values of

train rate give temperature profiles similar to those inferred from

 numerical study coupling tidal heating and thermal convection

t the SPT ( B ̌ehounková et al., 2013 ). 

We apply the rheology of pure water ice ( Goldsby and Kohlst-

dt, 2001 ) to this thermal profile and calculate the Newtonian vis-

osity as a function of depth: 

(r) = ηref exp 

(
E a 

R g 

(
1 

T (r) 
− 1 

T ref 

))
, (4)

here ηref is reference viscosity of ice, T ref is reference tempera-

ure, E a is activation energy, and R g is the gas constant, respec-

ively. Because the reference viscosity for the ice shell of Ence-

adus is uncertain, we consider a wide range of reference viscosi-

ies: 10 12 –10 17 Pa s. 

Although the interior structure adopted in this study is simple,

articularly below the ice shell, the timescale of viscoelastic relax-

tion at the base of the shell depends only weakly on the deep

nterior structure. Thus, the use of a more realistic deep interior

tructure model would not change our conclusions. 

It is noted that we assume a purely conductive ice shell. The

ctual ice shell of Enceladus, however, may be convective, at least
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Fig. 2. Timescale of melting as a function of power. A conventional estimate on the 

tidal heating rate (i.e., 1.1 GW) leads to a relaxation timescale of ∼4 Myr. 
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Fig. 3. Time evolution of basal topography for different spherical harmonic degrees. 

Calculation conditions are shown. A higher degree results in a faster relaxation. 

Only degree-1 topography exhibits a non-negligible instant response because its 

boundary condition differs from those for other degrees. 
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ocally (e.g., B ̌ehounková et al., 2013; 2015 ). If this is the case,

he thickness of warm ice would be larger than in the conductive

odel. This would lead to a smaller relaxation timescale. The con-

equence of this effect will be discussed in Section 5 . 

. τmelt : Timescale of melting 

The timescale of melting ( τmelt ) can be estimated analytically: 

melt = 

ρi LV 

P melt 

(5) 

here ρ i is density of ice, L is latent heat of ice, V is the volume

f ice to be melted, and P melt is power used for melting, respec-

ively. Results are shown in Fig. 2 , assuming that V is the volume

f the thickened portion of the ocean obtained in Section 2 . The

pper and lower bound is given by the largest and smallest V (i.e.,

he smallest and largest D sh ), respectively; the use of different val-

es of D sh has little effect on τmelt . For example, if P melt = 1 . 1 GW,

hich is the conventional long-term limit of tidal heating rate

 Meyer and Wisdom, 2007 ), τmelt is ∼ 4 Myr. 

. τrel : Timescale of viscoelastic relaxation 

.1. Method 

In contrast to the timescale of melting, that of viscoelastic re-

axation ( τ rel ) needs to be estimated numerically. We calculate the

ime evolution of topography at the base of the ice shell using a

emi-analytical code (e.g., Kamata and Nimmo, 2014 ). In the fol-

owing, we briefly summarize the calculation method. The gov-

rning equation system consists of three equations: the linearized

quation of momentum conservation, 

 = ∇ j ·
(
σ ji − P δ ji 

)
+ ρ∇ i φ, (6) 

he Poisson’s equation for the gravitational field, 

 

2 φ = −4 πGρ, (7) 

nd the constitutive equation for a Maxwell medium, 

dσ ji 

dt 
+ 

μ

η

(
σ ji −

σkk 

3 

δ ji 

)
= 

(
κ − 2 μ

3 

)
de kk 

dt 
δ ji + 2 μ

de ji 

dt 
, (8) 

here ∇ i is a spatial differentiation in direction of i (= x, y, z) , t is

ime, σ is stress tensor, e is strain tensor, φ is gravitational poten-

ial, P is hydrostatic pressure, κ is bulk modulus, μ is shear mod-

lus, δ is the Kronecker delta, and G is the gravitational constant,
espectively. Applications of a finite difference to the time differ-

ntials in the constitutive equation and of a spherical harmonic

xpansion to the three equations leads to a six-component, time-

ependent, inhomogeneous first-order ordinary differential equa- 

ion system. We then carry out time-marching calculations and

btain the time evolution of the amplitude of topographic undu-

ation for each harmonic degree. The time evolution of topography

an be calculated by superposing spherical harmonics with time-

ependent coefficients. See Kamata et al. (2012) for further details

f the formulation. In this study, we consider spherical harmonic

egrees n = 1 –10 . 

It should be noted that we assume a spherically symmetric in-

erior model (see Section 2 ) and use a one-dimensional calculation

ode. Nevertheless, the rate of viscoelastic relaxation beneath the

PT should mainly be controlled by the thermal state around this

egion. Thus, the thermal state we adopt should be considered as

hat relevant to the SPT and its immediate surroundings, not the

hell as a whole. 

.2. Results 

Fig. 3 shows the time evolution of topographic amplitudes at

he base of the ice shell under a given set of shell conditions:

 sh = 20 km, ηref = 10 14 Pa s, T b = 270 K, and ˙ ε = 4 × 10 −10 s −1 .

he amplitude is normalized by the amount of load. Except for

pherical harmonic degree n = 1 , the normalized amplitude starts

rom ≈ 1, decreases with time, and approaches 0, because of vis-

ous relaxation. The deformation timescale of basal topography is

onger for a lower harmonic degree (i.e., longer wavelength), and

his result is consistent with previous studies (e.g., McKenzie et al.,

0 0 0; Kamata et al., 2015b ). The case of n = 1 has an initial nor-

alized amplitude of ∼0.93. Since the center of mass does not

hange with time, the potential perturbation for n = 1 needs to

e zero at all times. Such a different boundary condition at the

urface leads to a non-negligible instant response only for n = 1

 Kamata and Nimmo, 2014 ). 

Using these results, we calculate the time evolution of topog-

aphy at the base of the ice shell as well as that of the volume

f the regionally thickened portion of the ocean. We define the

imescale of relaxation ( τ rel ) as the time when this volume be-

omes 1/ e of the initial condition. Fig. 4 summarizes τ rel as a

unction of shell thickness ( D sh ) and of reference viscosity ( ηref )

or a given basal temperature ( T = 270 K) and a given strain rate
b 
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Fig. 4. Relaxation timescale ( τ rel ) as a function of ice shell thickness ( D sh ) and ref- 

erence viscosity of ice ( ηref ). Results for a basal temperature ( T b ) of 270 K and a 

strain rate ( ̇ ε ) of 4 × 10 −10 s −1 are shown. The shaded areas in gray violate our 

assumptions that the ice shell is isostatically fully compensated. No solution for a 

large D sh and a low ηref is found. 
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( ̇ ε = 4 × 10 −10 s −1 ). A higher ηref leads to a longer τ rel , as ex-

pected; a factor of 10 increase in ηref leads to a factor of ∼ 10

increase in τ rel . A lower T b also leads to a longer τ rel because this

leads to an increase in the viscosity at the base of the shell. Conse-

quently, a decrease in T b has an effect on τ rel similar to that by an

increase in ηref . Specifically, a factor of 10 increase in τ rel can be

achieved by a decrease in T b of ∼10–20 K, depending on other pa-

rameters. In addition, a smaller D sh also leads to a longer τ rel ; τ rel 

is almost proportional to D 

−3 
sh 

, and this result is consistent with

previous studies (e.g., McKenzie et al., 20 0 0; Kamata et al., 2015b ).

It is found that a change in ˙ ε has only a minor contribution. In

our model, an increase in ˙ ε increases the amount of heat produced

in the shell (see Eq. (3) ). However, this heat becomes important

only when the shell is soft; a low ηref , a high T b , and a large D sh

are needed. Under such a condition, an increase in ˙ ε results in a

shorter τ rel , though the effect is not significant. 

It is noted that a low reference viscosity (i.e., ηref ∼ 10 13 Pa s)

requires a thin shell (i.e., D sh < ∼20 km). This is because such a

reference viscosity leads to a large tidal heating rate, and temper-

ature significantly increases with depth. However, since the basal

temperature is assumed to be the melting point, a thick ice shell

is not allowed. The largest heat production rate is given when

ω η/μ = 1 (see Eq. (3) ); for our model, η ∼ 6 × 10 13 Pa s gives

the largest heat production rate. 

5. Comparison of timescales and discussion 

Fig. 5 summarizes the relation of the timescale of melting

( τmelt ) and that of relaxation ( τ rel ) under different thermal states

at the base of the ice shell for a given power ( P tot ). Fig. 5 (a) as-

sumes that P tot is the sum of radiogenic heat (0.3 GW) and tidal

heat (1.1 GW), both conventional estimates ( Meyer and Wisdom,

2007; Roberts and Nimmo, 2008 ). Note that not all the power can

be used to melt the ice; a part of heat is used to warm the shell

(i.e., H in Eq. (2) ). See the Appendix for the method to calculate the

amount of heat used for warming the shell. We subtract this power

from P tot and calculate τmelt using Eq. (5) . We found parameter

conditions that can lead to τrel = τmelt only if the basal heat flux

( q b ) is higher than 5 mW m 

−2 (the green shaded area in Fig. 5 );

below this basal heat flux, relaxation is faster than melting, leading

to rapid removal of basal topography. The radiogenic heat from the

core of 0.3 GW produces a heat flux of only 0.4–0.6 mW m 

−2 at
he base of the ice shell, depending on D sh . Consequently, if the

asal heat is only due to radiogenic sources, the basal topogra-

hy would relax, and a regionally thick subsurface ocean cannot

e maintained over the long term. 

As noted above, our model assumes a purely conductive model,

nd a convective shell would lead to a shorter relaxation timescale.

his indicates that the red shaded area in Fig. 5 increases if we

ssume a convective ice shell; a minimum basal heat flux larger

han our model would be necessary to maintain basal topogra-

hy. Consequently, the occurrence of convection in the shell does

ot affect the above conclusion that a regionally thick subsurface

cean requires a heat source other than radiogenic. Furthermore,

ecent studies suggest that the present-day ice shell is thin (i.e.,

20 km) (e.g., Thomas et al., 2016; Van Hoolst et al., 2016; Čadek

t al., 2016; Beuthe et al., 2016 ). Although mobile lid convection

ay be possible even for such a thin shell if the near-surface ice is

ufficiently damaged ( Barr, 2008 ), thermal convection for the en-

ire ice shell is unlikely to operate; the ice shell is likely to be

onductive. 

Although we adopt an activation energy for pure water ice, an

nclusion of other compounds may affect the “effective” activation

nergy for the actual ice on Enceladus. Hydrate salts have higher

ctivation energies ( Durham et al., 2005 ), leading to a larger in-

rease in viscosity as decreasing temperature. However, such an

ffect becomes apparent only if the volume fraction of salts is

20% ( Durham et al., 2005 ), which is unlikely to be the case for

nceladus. Consequently, our model (i.e., a pure water ice model)

hould give a good estimate of the relaxation timescale for the

nceladus’ ice shell. 

The inclusion of volatiles, such as ammonia, in ice also af-

ects the physical properties of ice and ocean. When ammonia wa-

er freezes, ammonia molecules concentrate in the liquid. Conse-

uently, melting and freezing leads to ammonia-poor ice and an

mmonia-rich ocean. An increase in ammonia content in the ocean

eads to a decrease in the melting point (i.e., the basal temper-

ture). Note that our calculation conditions cover basal tempera-

ures down to 180 K, which is close to the lowest melting point

e.g., Fortes and Choukroun, 2010 ). Consequently, this effect does

ot affect our main conclusion that a regionally thick subsurface

cean requires a heat source other than radiogenic. 

Under what conditions can basal topography be maintained?

ne possibility is that the heat production rate below the ice shell

s at least about one order of magnitude larger than that due to

adiogenic heating: q b > 5 mW m 

−2 or > 3 GW. One potential

eat production mechanism below the ice is tidal dissipation in

he ocean. Recent studies have considered such production mech-

nisms and find that tides and dissipation can be large only if the

cean is very thin (i.e., < 1 km) ( Kamata et al., 2015; Matsuyama,

014; Tyler, 2011 ). Since such a thin ocean is not supported by

ecent estimates based on geodetic data (e.g., Čadek et al., 2016 ),

idal dissipation in the ocean is unlikely to play a major role in

eating the base of the ice shell. 

Another possibility is a large heat production rate in the core.

he 2-D numerical work by Collins and Goodman (2007) adopts

his condition and concludes that a regional subsurface ocean can

e maintained. Consequently, their 2-D results and our 1-D re-

ults agree with each other. A possible additional heat production

echanism in the core is chemical reaction, such as serpentiniza-

ion. However, it is unlikely that it can produce sufficiently large

mount of heat ( Malamud and Prialnik, 2013; Travis and Schubert,

015 ). Another possible mechanism is tidal heating in the core. Al-

hough the amount of energy dissipated in a fragmented, fluffy

ore is larger than that in a rigid core, it is < 2 GW if a Maxwellian

heology is adopted ( Roberts, 2015 ). A different rheological behav-

or (i.e., stress-dependent rheology) or tidally-driven water flow

n the core may lead to a larger amount of heat; a future study
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Fig. 5. Comparison of the timescale of relaxation ( τ rel ) and that of meting ( τ melt ). Results under all calculation conditions are used to produce this figure. Each panel shows 

results for different powers ( P tot = 1.4–15 GW). Parameter conditions that can lead to τrel = τmelt can be found only in the green area (upper right in each panel). The black 

band at ∼ 0.5 mW m 

−2 indicates the heat flux due to radiogenic heating in the core of 0.3 GW. No solution is found for a low basal temperature and a low basal heat flux. 

A basal heat flux due to radiogenic heating in the core can be sufficient for maintaining basal topography only if P tot ≥ 10 GW. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version o f this article.) 

i  

a

 

t  

l  

b  

P  

a  

T  

t  

h  

i  

a  

d  

a  

S  

>  

fi  

(  

p  

d  

b  

i  

u  

s  

b  

m  

a

 

t  

h  

a  

t  

s  

p  

m  

i  

o  

m  

q  

e  

t  

e  

e  

t  

y  

m  

t  

t  

l  

t  

e  
nvestigating such effects is necessary to quantify the (maximum)

mount of heat from the core. 

Another possibility is that the tidal dissipation in the ice shell

hat can be used for melting ( P melt ) is much larger than 1 GW. This

eads to a decrease in τmelt and to a decrease in the minimum

asal heat flux that gives τrel = τmelt . Results for different values of

 tot are also shown in Fig. 5 . These results indicate that q b can be

s low as that expected from radiogenic heating if P tot ≥ 10 GW.

hus, if the tidal heating rate in the shell is ≥ 10 GW, a regionally

hick ocean can be maintained without invoking anomalously large

eat production in the core. Shoji et al. (2014) show that episod-

cally increased tidal heating due to the coupling of the thermal

nd orbital evolution could be plausible, though the amount of ad-

itional heat is only ∼ 0.5 GW. In addition, their study finds that

n episodic heating cycle requires a basal temperature of ∼ 175 K.

uch a low melting point requires a large amount of ammonia (i.e.,

 30 wt%) (e.g., Fortes and Choukroun, 2010 ). However, this is dif-

cult to reconcile with the chemical composition of the plumes

e.g., Waite et al., 2009; Marion et al., 2012 ). Roberts (2015) also

oints out that an increase in the amount of ammonia leads to a

ecrease in the density of water and that the NH 3 content should

e less than ∼ 15%; otherwise ice I is not buoyant. Consequently,

ncreased tidal heating due to coupled thermal-orbital evolution is

nlikely to be the major factor that maintains a regionally thick

ubsurface ocean. It is noted that the model by Travis and Schu-

ert (2015) assumes an episodic increase of ∼ 10 GW. While this
ay be consistent with observations, the mechanism leading such

 large increase in tidal heating rate is not clear. 

A tidal heating rate much larger than the conventional es-

imate (i.e., ∼ 1 GW) does not necessarily require an episodic

eating cycle. This conventional equilibrium estimate by Meyer

nd Wisdom (2007) is based on the assumption that the dissipa-

ion factor Q of Saturn is > 18,0 0 0. This lower bound on Q (as-

umed constant) is based on the present-day position and assumed

rimordial age of Mimas (e.g., Gavrilov and Zharkov, 1977; Der-

ott et al., 1988 ). A smaller Q (more dissipative Saturn) would

mply a greater equilibrium heating rate. A recent interpretation

f astrometric data suggests a Q for Saturn about one order of

agnitude smaller than the conventional estimate, and conse-

uently an increase in the tidal heating rate of ∼ 15 GW ( Lainey

t al., 2012 ). If this is the case, the maintenance of a regionally

hick subsurface ocean can be explained. The problem is, how-

ver, a change in the Q of Saturn affects not only the orbital

volution of Enceladus but also those of other satellites. In par-

icular, such a low Q is usually taken to require an extremely

oung age for inner satellites such as Mimas. However, this argu-

ent assumes that Q is constant. Recent work has suggested both

hat the Q of Saturn is highly frequency-dependent, and that the

imescale of satellite orbital evolution may depend on the evo-

ution timescale of Saturn itself, owing to resonance locking be-

ween satellites and internal oscillation modes of Saturn ( Fuller

t al., 2016 ). As a result, high rates of present-day dissipation in
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Fig. 6. Power used for heating the ice shell ( P sh ) as a function of ice shell thickness 

( D sh ) and reference viscosity of ice ( ηref ). Results for a basal temperature ( T b ) of 

270 K and a strain rate ( ̇ ε ) of 4 × 10 −10 s −1 are shown. The shaded areas in gray 

violate our assumptions that the ice shell is isostatically fully compensated. 
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Enceladus do not necessarily require that Mimas be very young.

Furthermore, such high dissipation rates can readily sustain a

global ocean for as long as the Enceladus-Dione resonance has op-

erated ( Nimmo et al., 2016 ). 

It should be noted that our model assumes that the current ice

shell of Enceladus is in thermal equilibrium. The actual ice shell of

Enceladus, however, may not be in such a state. O’Neill and Nimmo

(2010) show that occasional catastrophic overturns of a convective

ice shell could lead to an extremely large amount of heat release

during these overturns. Such ice shell dynamics, which are not

modeled in this study, may contribute not only to the observed

high surface heat fluxes but also to the presence of a regionally

thick, global subsurface ocean. 

It is also noted that mechanisms that remove basal topography

other than viscous relaxation are not considered in this study. One

such mechanism is ice pumping due to the pressure-dependent

melting point of ice (e.g., Lewis and Perkin, 1986 ). When a wa-

ter parcel at the base of a thick shell moves to the base of a thin

shell, it will freeze; a thin ice shell thickens. If the timescale of

ice pumping is shorter than that of viscous relaxation, one should

compare the former timescale with that for melting. However, such

a comparison is beyond the scope of this study and is left for fu-

ture studies. 

6. Conclusion 

The presence of a regionally thick, global subsurface ocean in

Enceladus is inferred based on geodetic measurements by Cassini.

This requires a balance between melting of ice and viscous relax-

ation of basal topography. We investigate the interior thermal state

of Enceladus by comparing the timescale of melting of ice and that

of viscoelastic relaxation at the base of the ice shell. Our results in-

dicate that a heat flux > 5 mW m 

−2 (3 GW) at the base of the ice

shell is necessary in order to maintain basal topography if we as-

sume conventional estimates for radiogenic and tidal heating rates.

This condition, however, is unlikely to be satisfied by Enceladus.

Alternatively, we find that a tidal heating rate of ∼ 10 GW in the

ice shell is sufficient to maintain basal topography if the basal heat

flux is due only to radiogenic heat from the core. Although we can-

not rule out the possibility of episodic heat release, our results as-

suming thermal equilibrium are concordant with a large tidal heat-

ing rate supported by recent astrometric studies. 
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Appendix. P sh : Power used to heat the ice shell 

For a given shell thickness ( D sh ), reference viscosity ( ηref ), basal

temperature ( T b ), and strain rate ( ̇ ε ), we can calculate the temper-

ature profile using Eqs. (2) and (3) . The power used to heat the ice

shell ( P sh ) is given as the integral of the tidal heating rate in the

shell ( H ) and can be expressed as 

P sh = �
(
q s R 

2 
s − q b R 

2 
b 

)
, (9)

where � is solid angle of the heated region, q s is heat flux at the

surface, q b is that at the base of the shell, R s is the radius of Ence-

ladus, and R b = R s − D sh is the radial distance of the base of the

shell from the center of Enceladus, respectively. Values except �

can be determined from the temperature profile. The solid angle of

the tidally heated region ( �) is unclear. In this study, we use three
ifferent values for �: from the south pole to 75 °S, to 60 °S, and to

5 °S. Note that P sh is large only if H can be large. Such a case is

ound only for ηref ∼ 10 13 Pa s and D sh ∼ 20 km (see Fig. 6 ). Most

ther conditions lead to small P sh independent of �. Consequently,

he use of different values for � does not change our results sig-

ificantly. 
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