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We determine constraints on the ice shell and ocean of Enceladus from the observed libration at orbital 

period by assessing the effects of uncertainties in the size, density, rigidity, and viscosity of the internal 

layers and of the non-hydrostatic structure on the libration. The observed libration amplitude implies 

that the average thickness of the ice shell is between 14 km and 26 km and that the ocean is 21 km to 

67 km thick. 
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. Introduction 

The gravitational force exerted by Saturn on Enceladus raises

ides that are thought to be responsible for the observed geyser

ctivity at the south pole of Enceladus ( Porco, 2006; Spencer

t al., 2006 ). Although the precise cause and mechanism of cry-

volcanism is not well understood, the variation of the plume in-

ensity and its correlation with the orbital position of Enceladus

s strongly indicative of a tidal mechanism driving the geysers

 Hedman et al., 2013; Hurford et al., 2007; Porco et al., 2014 ). The

etection of sodium-salt-rich ice grains emitted from the plume

uggests that the plume is connected to a subsurface salty water

eservoir in contact with silicate rocks ( Hsu et al., 2015; Postberg

t al., 2009; 2011 ). The subsurface ocean might exist only beneath

he region of activity near to the south polar region ( Tobie et al.,

008 ), although recent gravity and topography data cannot distin-

uish between a local and a global subsurface ocean ( Iess et al.,

014; McKinnon, 2015 ). 

The gravitational interaction with Saturn also periodically

hanges the rotation of Enceladus, which might be co-responsible

or the observed variations in plume activity ( Nimmo et al., 2014a ).

he diurnal librations of Enceladus, representing the variations at

rbital period in the rotation angle with respect to the steady

hange for a constant rotation rate, have recently been accurately

etermined by a detailed analysis of images of Enceladus taken

y the Cassini imaging system ( Thomas et al., 2016 ). Although
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019-1035/© 2016 Elsevier Inc. All rights reserved. 
he libration amplitude of 0.120 ± 0.014 degree (2 σ ) is too small

or diurnal libration to play an important role in the variation in

idal stress needed to explain the plume variability ( Nimmo et al.,

014b ), it provides unique direct insight into the interior struc-

ure through the sensitivity of libration to the existence and cer-

ain characteristics of a liquid global internal layer. Thomas et al.

2016) showed that the libration amplitude proves the existence of

 global ocean beneath an icy surface. 

Here we perform an extended study of the diurnal librations of

nceladus in order to determine the best constraints on ice shell

nd ocean, in particular on the mean thickness of the ice shell.

e study the effect of the rigidity and visco-elastic behavior of

he ice shell on the librations and assess the uncertainty they in-

roduce in the interpretation of the libration amplitude in terms of

he depth to the ocean. We first use an approach in which Ence-

adus is considered to be in hydrostatic equilibrium. Next, we use

he observed topography and gravitational field of Enceladus to de-

elop non-hydrostatic models of the interior structure. Two dif-

erent end-member assumptions are considered for the shape of

he interfaces between the core, the ocean and the ice shell. By

eans of those models, we then investigate the librations for non-

ydrostatic models of Enceladus that are consistent with gravity

nd topography data ( Iess et al., 2014; Nimmo et al., 2011 ). We

how that although many uncertainties remain about Enceladus’

nterior structure, the mean thickness of the ice shell can be well

onstrained by the libration amplitude. 

. Libration without global subsurface ocean 

The gravitational torque of Saturn exerted on Enceladus forces

he rotation of Enceladus to vary slightly during the orbital motion.

http://dx.doi.org/10.1016/j.icarus.2016.05.025
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.05.025&domain=pdf
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Since Enceladus is likely in a 1:1 spin-orbit resonance, the torque

will have periods commensurate with the orbital period, which is

equal to the rotation period of Enceladus, and will force librations

with the same periods. In addition, Enceladus has librations with

longer periods related to the variations in the torque associated

with periodic perturbations of the orbit of Enceladus due to Dione.

The two main long-period librations have periods of about 4 and

11 years ( Rambaux et al., 2010 ). Since the observations of Thomas

et al. (2016) have a period equal to the orbital period, we neglect

those long-period librations here. 

The polar gravitational torque leading to variations in the rota-

tion rate can be expressed in terms of the external gravitational

field coefficients of Enceladus (e.g. Dehant and Mathews, 2015 ),

which have been determined up to degree 3 by Iess et al. (2014) .

Six gravitational coefficients have been estimated, all five of de-

gree two ( J 2 , C 21 , S 21 , C 22 , S 22 ) and the zonal component of de-

gree three ( J 3 ), but only the torque on C 22 needs to be taken into

account.The polar torque does not depend on the zonal gravita-

tional coefficients because of the geometric symmetry of the zonal

harmonics with respect to the polar axis. The contributions of the

tesseral coefficients to the polar torque can be neglected since they

are approximately proportional to the very small obliquity of Ence-

ladus. The obliquity is not known, but theoretical calculations pre-

dict values below 10 −5 radians ( Baland et al., 2014 ). The S 22 sec-

torial coefficient is about 70 times smaller than the C 22 coefficient

( Iess et al., 2014 ), and its contribution to the gravitational torque is

therefore also neglected. 

The torque forces libration at the orbital period and at the sub-

harmonic periods of it. The latter will also be neglected as the

torque at the n th subharmonic is smaller than that at orbital pe-

riod by a factor e n (e.g. Van Hoolst et al., 2008 ), where e = 0 . 0047

is the orbital eccentricity ( Thomas et al., 2016 ). We introduce the

libration angle γ = φ − M, where φ is the rotation angle of Ence-

ladus and M the mean anomaly. When the libration at orbital pe-

riod of 1.37 days is written as γ = g sin (M + π) , the libration am-

plitude g solid for an entirely solid and elastic Enceladus can be ex-

pressed as 

g solid = 6 

˜ B − ˜ A 

˜ C 

en 

2 

n 

2 − ω 

2 
f 

≈ 6 e 
˜ B − ˜ A 

˜ C 
, (1)

where ω f is the frequency of the free libration 

ω f = n 

√ 

3(B − A ) 

˜ C 

k f − k 2 

k f 
(2)

and 

˜ B = B (k f − 5 k 2 / 6) /k f , ˜ A = A (k f − 5 k 2 / 6) /k f and 

˜ C =
 + 4 k 2 n 

2 R 5 / (9 G ) ( Van Hoolst et al., 2013 ). Here A < B are

the equatorial principal moments of inertia, C the polar principal

moment of inertia, R = 252 . 1 km the radius and G the universal

gravitational constant. The mean motion of Enceladus’ orbit is

denoted by n, k 2 is the classical potential Love number, and k f 
the fluid Love number. The libration amplitude of the forced

libration at orbital period depends on a free frequency, similarly to

a harmonic oscillator, but we assume that the free libration mode

is damped as the damping timescale is extremely short compared

to the age of the Solar System (see, e.g. Tiscareno et al., 2009 ). 

For the numerical evaluation, we use the degree-two, order-two

gravitational coefficient C 22 = (B − A ) / (4 M E R 
2 ) = (1549 . 8 ± 15 . 6) ×

10 −6 , with mass M E = 1 . 0794 × 10 20 kg, and the estimate of the

mean moment of inertia I = (A + B + C) / 3 = (0 . 335 ± 0 . 005) MR 2 (2

sigma) derived from Radau’s equation and the degree-two gravity

field of Enceladus ( Iess et al., 2014 ). For an entirely solid Ence-

ladus, k 2 is small and approximately 1 . 5 × 10 −4 depending some-

what on the density and rigidity profile ( Baland et al., 2016 ), and

k f = (B − A ) / (qM E R 
2 ) ≈ 0 . 989 with q = (n 2 R 3 ) / (GM E ) the ratio of

the centrifugal acceleration to the gravitational acceleration. The
ree libration period is then 5.81 days (5.77 days for a homoge-

eous model, Thomas et al., 2016 ), far enough from the forcing

eriod of 1.37 days for the approximation in Eq. (1) to be valid.

lasticity, which has been included here, lengthens the free period

y less than 0.01% since the tides of a solid Enceladus are very

mall with a radial tidal displacement of the order of a centime-

er. A local subsurface ocean will be able to increase the tides, at

east locally, but cannot substantially change the free libration pe-

iod since the shell librates together with the deeper solid interior.

The libration amplitude for a solid and elastic Enceladus is

bout 132 m at the equator, four times smaller than the ob-

erved value of (528 ± 62) m ( Thomas et al., 2016 ). Thomas et al.

2016) argued that the incompatibility of the observation with the

ibration amplitude of a solid and rigid Enceladus is evidence of a

ubsurface ocean. Elasticity does not change that conclusion since

lasticity decreases the libration amplitude (by less than a meter).

ny larger elasticity (smaller rigidity) than assumed here, for ex-

mple for a porous core as suggested by Hsu et al. (2015) , would

mply an even smaller libration amplitude and a stronger incon-

istency with the observations. Visco-elastic behavior of the ice

ould also drain energy from libration to deformation and dissi-

ation and will further reduce the libration amplitude. 

We conclude that a partially decoupling layer must exist, which

llows for differential rotation between different layers of the

atellite. Since measurements of the plume composition demon-

trate that the water has been in contact with rocks ( Postberg

t al., 2011 ), libration strongly suggests that Enceladus is composed

f a solid icy outer shell on top of a liquid ocean mainly composed

f water that is in contact with a solid core containing silicates in

ts top layers. A detailed study of the libration of Enceladus with

n ocean is presented in the next section. 

. libration with a global subsurface ocean 

.1. Libration model 

In order to assess the effect of various interior structure param-

ters, such as the thickness of the ice shell, on the libration am-

litude, and to constrain some of these parameters based on the

bserved libration, we construct a large set of interior structure

odels of Enceladus with a global subsurface ocean for which we

alculate the libration. All models satisfy the total mass M E and ra-

ius R and have a mean moment of inertia I /( M E R 
2 ) between 0.325

nd 0.345, covering the moment of inertia estimate of Iess et al.

2014) within the two sigma precision ([0.33, 0.34]) and the range

0.328, 0.333] obtained by McKinnon (2015) . The ranges of values

onsidered for the radii and densities of the core, ocean and ice

hell are given in Table 1 . We choose the density of the ice shell

o be in the interval [90 0, 10 0 0] kg/m 

3 . This range is somewhat

arger than the range of [900, 950] kg/m 

3 , often considered for

ure ice including some degree of porosity in studies of the ice

hells of icy satellites (e.g. Nimmo et al., 2014a ), to include also

he effect of the presence of contaminants. For the ocean, we con-

ider a density range of [950,1100] kg/m 

3 to include a wide range

f salinity values and temperatures. We refer to Sharqawy et al.

2010) for seawater densities on Earth and the online density ta-

le at web.mit.edu/seawater/ where water density values are given

etween 943.1 kg/m 

3 and 1096.2 kg/m 

3 for temperatures between

 and 120 °C, atmospheric pressure, and salinities between 0 and

20 g/kg. 

The reference models of the interior structure of Enceladus are

pherically symmetric. To be able to study the libration, we cal-

ulate the degree-two shape of the three interfaces (surface, inter-

ace between the ocean and the ice shell, and interface between

he core and the ocean). As explained above, libration only de-

ends on the degree-two shape and we therefore consider that the
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Table 1 

Ranges of values of the parameters of the interior structure of Enceladus for models that satisfy the observed libration amplitude for different modeling 

hypotheses: rigid models in hydrostatic equilibrium (HE), elastic models in hydrostatic equilibrium with shell rigidity in the range [10 9 , 5 × 10 9 ] Pa, elastic 

non-hydrostatic models with compensation at the ocean-shell interface, and elastic non-hydrostatic models with compensation at the core-ocean interface. 

The mean thickness of the shell h s and ocean h o and the mean radius of the core r c are given in km, the densities in kg m 

−3 . The initial sampling is given 

in the last column. The sampling interval is 25 kg m 

−3 for the shell and ocean density, 1 km for shell thickness and 5 km for core radius. For the non- 

hydrostatic case with a non-equipotential ocean-shell interface, the density of the ocean is at the high end since the density difference must be sufficiently 

large in order to explain the gravity data. The libration amplitudes are calculated by solving Eqs. (45) and (46) of Van Hoolst et al. (2013) . 

Quantity Rigid HE Elastic HE Non-HE ocean Non-HE core Sampling 

h s [16, 24] [14, 24] [14, 24] [18, 26] [5, 72] 

h o [23, 65] [24, 67] [29, 66] [21, 63] [1, 82] 

r c [170, 205] [170, 205] [170, 205] [170, 205] [165, 205] 

ρs [90 0, 10 0 0] [90 0, 10 0 0] [90 0, 10 0 0] [90 0, 10 0 0] [90 0, 10 0 0] 

ρo [950, 1100] [950, 1100] [975, 1100] [950, 1100] [950, 1100] 

ρc [2158, 2829] [2158, 2829] [2166, 2829] [2158, 2829] [2156, 2946] 

ρo − ρs [0, 200] [0, 200] [75, 200] [0, 200] [0, 200] 
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nterfaces can be described by triaxial ellipsoids. The radial dis-

ance r i ( θ , φ) of a point on interface i with co-latitude θ and lon-

itude φ can be expressed as 

r i ( θ, φ) = r 0 i 

[ 
1 − 2 

3 

αi P 2 ( cos θ ) + 

1 

6 

βi P 
2 
2 ( cos θ ) cos 2 φ

] 
, (3) 

here r 0 
i 

= a i (1 − αi / 3 − βi / 2) is the mean radius of interface i

iven by the spherically symmetric reference model, αi = [(a i +
 i ) / 2 − c i ] / [(a i + b i ) / 2] is the polar flattening and βi = (a i − b i ) /a i 
he equatorial flattening. Here, a i , b i , and c i are the semi-major

xes of the ellipsoid and P 2 (cos θ ) and P 2 
2 
( cos θ ) are the associ-

ted Legendre functions. The interface of the core is denoted by c

or core, the interface between the ocean and the shell by o for

cean, and the outer surface by s for shell. We use different as-

umptions to calculate the flattenings. First, in Sections 3.1 and 3.2 ,

e consider that Enceladus is in hydrostatic equilibrium and cal-

ulate the polar and equatorial flattening of the interfaces by solv-

ng Clairaut’s equation for the synchronously rotating satellite (see

.g. Hubbard et al., 1984; Moritz, 1990; Van Hoolst et al., 2008 ).

econd, we use the topography and gravity data ( Iess et al., 2014;

immo et al., 2011; Thomas et al., 2016 ) at degree two to calcu-

ate the non-hydrostatic flattenings of the interfaces for two dif-

erent assumptions on the compensation mechanism ( Section 3.3 ).

he flattening values are shown in Fig. 1 . 

For large icy satellites such as Titan and the Galilean icy satel-

ites, the libration amplitude of the shell g s can be well approxi-

ated by 

 s ≈ 4 eK 3 

n 

2 C s 
(4) 

Van Hoolst et al., 2013) . Here C s is the polar moment of inertia of

he shell and K 3 is the effective strength of the total diurnal forcing

orque exerted on the shell. It essentially consists of the sum of the

ravitational torque exerted by Saturn and of the associated pres-

ure torque exerted by the ocean, both on the static shape of the

hell of Enceladus and the tidal bulge of the shell (see Van Hoolst

t al., 2013 for explicit expressions), other terms contributing about

% or less (for models with a shell thickness above 15 km). 

For the models of the interior structure of Enceladus considered

ere and for a flattening profile consistent with hydrostatic equilib-

ium, the shell has a considerably smaller moment of inertia than

he entire satellite, between 6% and 63% of the total moment of

nertia for shells with increasing thickness from 5 km to 72 km.

he total torque on the shell is between 61% and 79% of the to-

al torque on the entire satellite. The relative reduction in the total

orque on the shell with respect to the torque on the entire satel-

ite is therefore much less than the relative reduction in the polar

oment of inertia of the shell with respect to that of the entire

atellite, in particular for thin shells. As a result, the comparison

f Eqs. (1) and (4) shows that the libration of the shell above a
lobal ocean is larger than the libration if Enceladus were not to

ave a global decoupling ocean. We note that in sharp contrast to

he large icy satellites for which tidal deformation can reduce the

lanet torque on the shell by up to one order of magnitude for

hin shells, the torques related to the tidal deformation of Ence-

adus decrease the total torque on the shell with respect to a rigid

atellite by 11% at most for the models with the thinnest shell as a

esult of the much smaller tidal deformation. For a shell thickness

f 20 km, the reduction is at most 3%. 

The libration amplitude is further increased by a resonance

ith a free mode, in particular for thin shells. Two free libration

odes exist for a satellite with a global subsurface ocean: (1) an

n-phase libration of the solid core and shell, (2) an out-of-phase

ibration ( Van Hoolst et al., 2013 ). The period of the first mode is

lose to that for an entirely solid satellite since the ocean is thin

 Fig. 2 ), justifying neglecting the square of this free frequency with

espect to n 2 , as done in Eq. (4) . The period of the second mode

ecreases from about 4.7 days to about 1.5 days, close to the or-

ital forcing period, for shell thicknesses decreasing from 72 km to

 km ( Fig. 2 ). We therefore extend approximation (4) for the libra-

ion amplitude to 

 s ≈ 4 eK 3 

C s (n 

2 − K 1 /C s ) 
. (5) 

ere, the square of the second free frequency is approximated by

 1 / C s , as follows from Eq. (64) of Van Hoolst et al. (2013) , see also

heir Eq. (47) for the definition of the coupling strength K 1 . The

atio of K 1 / C s to n 2 increases from 0.08 to 0.78 for shell thickness

ecreasing from 72 km to 5 km, showing that the amplitude of

ibration can increase by a factor of up to 4 for the thinnest shells

s a result of the resonance with the second free mode. 

In Fig. 2 , the libration amplitude is represented for all interior

tructure models of Enceladus. The libration amplitude strongly

epends on the thickness of the ice shell. For a shell rigidity of

.3 × 10 9 Pa ( Shoji et al., 2013 ), only models with a mean shell

hickness in the range [16,23] km are consistent with the ob-

erved libration amplitude at the equatorial surface of Enceladus

f [466, 590] m (2 σ uncertainty of Thomas et al., 2016 ), see Fig. 2 .

homas et al. (2016) concluded that the ice shell must be on av-

rage between 21 km and 26 km thick based on the libration

odel of Van Hoolst et al. (2009) for rigid solid layers, about 4 km

hicker than our result. The difference is not due to elasticity, since

he range for rigid solid layers is extended by only 1 km to [16,

4] km, but mainly due to the different sam pling of the interior

tructure models. If the ocean would have a high salinity ( ρo >

100 kg/m 

−3 and up to ρo = 1200 kg/m 

−3 ) due to exchange with

he underlying core or if the shell would have a high porosity

850 kg/m 

−3 < ρs < 900 kg/m 

−3 ), the thickness of the shell could

e up to 26 km, a value corresponding to the upper limit given by

homas et al. (2016) , who consider very low densities of the ice
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Fig. 1. Equatorial flattenings of the surface (top), ocean-shell interface (middle) and core (bottom) for the interior structure models of Enceladus as a function of the shell 

thickness. Three cases are considered: hydrostatic equilibrium (in grey), a non-equipotential ocean-shell interface (left), and a non-equipotential core-ocean interface (right). 

The scale of the vertical axes is not always the same. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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shell. The lower limit we obtain for the mean thickness of the ice

shell is also due to our wider sampling in which we also consider

small density differences between the ocean and the shell. We note

that the surface flattenings in Thomas et al. (2016) correspond to

those of the observed topography, and are therefore not hydro-

static. Since the flattenings of the internal interfaces depend on the

non-hydrostatic surface flattenings in the calculation of Thomas

et al. (2016) (see their Eqs. (15) and (16)), the internal flattenings

cannot be truly hydrostatic flattenings. By convention, hydrostatic

flattenings describe the degree-two shape of equipotential surfaces

related to self-gravity, the centrifugal potential and the static tidal

potential ( Hubbard et al., 1984; Moritz, 1990 ). As such they can-

not depend on non-hydrostatic surface flattenings. Since the ob-

served equatorial surface flattening of Thomas et al. (2016) ( βs =
0 . 0187 ± 0 . 0 0 07 ) almost overlaps the range [0.0178, 0.0191] of hy-

drostatic flattenings for our set of interior structure models, the

effect on the ice shell thickness is nevertheless below 1 km. 

Because of the different flattenings of the surface and the in-

terface between the ocean and ice shell, the thickness of the ice

shell is variable. Fig. 3 shows the ice shell thickness as a function
f co-latitude and longitude for a model with a mean shell thick-

ess of 20 km that satisfies the observed libration amplitude. Since

e here consider hydrostatic equilibrium and the shell is thin, the

attenings of the surface and of the interface between the ocean

nd the shell are very similar (see Fig. 1 ). As a result, the varia-

ions in the shell thickness are small and less than 1 km ( Fig. 3 ).

his may seem surprising since both the activity and the gravity

nd topography data indicate that the shell is much thinner at the

outh pole than elsewhere. We will show in Section 3.3 . that much

arger variations in the shell thickness and a much thinner shell at

he south pole is possible when we relax the assumption of hy-

rostatic equilibrium and take into account the gravity and topog-

aphy data. 

.2. Effect of ice rigidity and viscosity 

In Fig. 2 , the rigidity of the ice shell is fixed to 3.3 × 10 9 Pa,

lose to the value of Helgerud (2009) at zero pressure and zero de-

ree Celsius, and the rigidity of the core is taken to be 50 × 10 9 Pa.

he rigidity of the core has a negligible effect on the libration due
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Fig. 2. Amplitude of libration of the ice shell and periods of the two free libration 

modes as a function of shell thickness. Shell rigidity is 3.3 × 10 9 Pa and the rigidity 

of the core is 50 × 10 9 Pa. We here assume that the shape of the interfaces be- 

tween the different layers is determined from the reaction of a hydrostatic satellite 

to the centrifugal and static tidal potentials. The amplitude calculated with the ap- 

proximated solution (4) differs from the amplitude represented here and obtained 

by solving the full set of equations governing libration as determined in Van Hoolst 

et al. (2013) by less than 0.9%. The period of the in-phase mode has a nearly con- 

stant value close to that for an entirely solid Enceladus (5.81 days). For shell thick- 

nesses decreasing from 72 km to 5 km, the period of the out-of-phase mode period 

decreases from about 4.7 days to about 1.5 days, close to the orbital forcing period 

of 1.37 days (red line), allowing a resonant amplification of the libration amplitude 

which increases with decreasing shell thickness. For thick ice shells, the libration 

amplitude is close to the libration of a solid Enceladus (132 m). Only models with a 

shell thickness in the range [16, 23] km are consistent with the observed libration 

amplitude at the equatorial surface of Enceladus of [466, 590] m (blue region). The 

yellow marker ( • ) denotes the model used in Figs. 3 and 4 , which has a mean shell 

thickness of 20 km. Models for non-hydrostatic shapes and other shell rigidity and 

viscosity values show a qualitatively similar dependence on the mean thickness of 

the ice shell. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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Fig. 3. Map of the local thickness of the ice shell for hydrostatic equilibrium (top), 

a non-equipotential ocean-shell interface (middle), and a non-equipotential core- 

ocean interface (bottom) for an interior structure model of Enceladus with shell 

thickness of 20 km, shell density of 925 kg m 

−3 , ocean density of 1050 kg m 

−3 , and 

core radius of 190 km, shown in Fig. 2 by a yellow marker ( • ). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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o the much smaller tidal displacement of the core below the sub-

urface ocean than of the ice shell. Here we consider nominal shell

ce rigidity values between 10 9 Pa and 5 × 10 9 Pa. Lower values

or the rigidity are not impossible but require substantial porosity

f the ice (e.g. Wahr et al., 2006 ). The libration amplitude increases

y about 10 % (50 m) over this range ( Fig. 4 ), from low to high ice

igidity. For rigidity values within the nominal range the thickness

stimate of the ice shell only marginally changes to [14, 24] km

 Table 1 ). Shell rigidities below 10 8 Pa are not consistent with the

bserved libration amplitude since the predicted amplitude for all

odels is then below the lowest limit of the observations (shells

hinner than 5 km would be required to resonantly increase the

mplitude to the observed range). 

Viscosity of the ice reduces the libration amplitude ( Jara-

rué and Vermeersen, 2014 ). We extend the libration model of

an Hoolst et al. (2013) to include visco-elastic deformation by cal-

ulating the tidal deformation and Love numbers for a visco-elastic

heology. We describe the complex, frequency-dependent rigidity

s of the shell for a Maxwell model by 

s (n ) = i 
nμη

μ + inη
, (6) 

here i is the imaginary number, μ the real rigidity of the ice

hell, and η the ice viscosity (e.g. Tobie et al., 2005; Vermeersen

nd Sabadini, 2004 ). Since viscosity strongly depends on tempera-

ure, we take a larger viscosity (larger than 10 15 Pa s) for the cold

op layer than for the hotter bottom layer of the ice shell (total

emperature difference of about 180 K). We assume that the bot-

om half of the ice is convecting and has a nearly constant temper-

ture, whereas in the top half heat is transported by conduction.

he bottom ice is considered to have a viscosity close to the melt-
ng point viscosity between 10 13 Pa s and 10 15 Pa s (value depend-

ng on the grain size, Sotin et al., 2009 ). The libration amplitude

oes not depend on the exact value of the top viscosity because

he top ice behaves elastically for the Maxwell model considered.

he Maxwell timescale, separating elastic from fluid behavior, cor-

esponds to the libration period for a viscosity of 3.9 × 10 14 Pa s

or the nominal rigidity value. The libration amplitude is almost

onstant for bottom viscosities between 10 14 Pa s and 10 15 Pa s,

ecreases due to more fluid-like behavior with decreasing bottom

iscosity between 10 14 Pa s and 10 13 Pa s and is almost constant

or viscosities smaller than 10 13 Pa s ( Fig. 4 ). The variation in libra-

ion amplitude is less than 20 m over the nominal viscosity range

onsidered, well below the observational precision of Thomas et al.

2016) . We conclude that the uncertainty in the ice viscosity does
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Fig. 4. Amplitude of libration as a function of shell rigidity (blue) and bottom shell 

viscosity (red) for an interior structure model of Enceladus with shell thickness of 

20 km, shell density of 925 kg m 

−3 , ocean density of 1050 kg m 

−3 , and core ra- 

dius of 190 km, shown in Fig. 2 by a yellow marker ( • ) Viscosity is neglected for 

the study of the dependence on shell rigidity and rigidity is set to 3.3 GPa for the 

study of the dependence on shell viscosity. Only bottom shell viscosity is varied, 

top viscosity is set to 10 15 Pa s. Thick lines indicate results for nominal values of 

rigidity and bottom ice viscosity. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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not affect the interpretation of the libration amplitude in terms of

the shell thickness at the level of precision of the observations. 

3.3. Effect of non-hydrostatic structure 

Measurements of the gravity field and topography of Enceladus

by the Cassini spacecraft during close flybys show that Enceladus

deviates from hydrostatic equilibrium. The second-degree grav-

ity coefficients ( C 22 and J 2 = (5435 . 2 ± 34 . 9) × 10 −6 ) yield a ratio

J 2 /C 22 = 3 . 51 ± 0 . 05 ( Iess et al., 2014 ) that is significantly larger

than the value of about 3.25 expected for a hydrostatic Enceladus

rotating at its current rotation speed ( McKinnon, 2015 ). Also the

ellipsoidal shape of Enceladus as derived from limb profiles is in-

compatible with hydrostatic equilibrium ( Nimmo et al., 2011 ). 

A non-hydrostatic shape of the outer surface affects the libra-

tion of Enceladus by changing the principal moments of inertia of

the ice shell and therefore also the torques exerted on the shell. In

addition to a non-hydrostatic shape of the surface, also the other

interfaces (core-ocean and ocean-shell) can be of a non-hydrostatic

shape, further modifying the libration. We assume here that the

density within each layer is homogeneous. The observed gravity

coefficients J 2 and C 22 can then only be explained by assuming

that at least one of the internal interfaces has a non-hydrostatic

shape. We here consider two extreme cases: either (1) we explain

the degree-two gravity coefficients by assuming that the bottom

of the ice shell is not an equipotential surface or (2) we assume

that the interface between the core and the ocean does not corre-

spond to an equipotential surface. The other surface is assumed to

be an equipotential surface of the self-gravitational potential, the

centrifugal potential and the static tidal potential. We determine

the equatorial and polar flattenings of both surfaces by solving

four equations. Two equations express that one interface is equipo-

tential in its degree-two, order-zero and its degree-two, order-two

components, the other two equations express that the degree-two,

order-zero and the degree-two, order-two gravity coefficients are

equal to their observed values. In the first case of compensation
hrough shell thickness variations, we have 

2 

3 

αc r 
0 
c g c = 

5 

6 

n 

2 (r 0 c ) 
2 + 

8 πG 

15 

[
αs ρs + αo (ρo − ρs ) 

+ αc (ρc − ρo ) 
]
(r 0 c ) 

2 , (7)

1 

6 

βc r 
0 
c g c = 

1 

4 

n 

2 (r 0 c ) 
2 + 

2 πG 

15 

[ βs ρs + βo (ρo − ρs ) 

+ βc (ρc − ρo )](r 0 c ) 
2 , (8)

here g c is the local gravity at the core interface, and 

 20 = − 1 

M E R 

2 

8 π

15 

[
ρs (R 

5 αs − (r 0 o ) 
5 αo ) 

+ ρo ((r 0 o ) 
5 αo − (r 0 c ) 

5 αc ) + ρc (r 0 c ) 
5 αc 

]
, (9)

 22 = 

1 

4 M E R 

2 

8 π

15 

[
ρs (R 

5 βs − (r 0 o ) 
5 βo ) 

+ ρo ((r 0 o ) 
5 βo − (r 0 c ) 

5 βc ) + ρc (r 0 c ) 
5 βc 

]
, (10)

see also Baland et al., 2014 ). For the second case in which we as-

ume that the core-ocean interface is not an equipotential surface,

e calculate the flattenings by solving Eqs. (11) and (12) together

ith 

2 

3 

αo r 
0 
o g o = 

5 

6 

n 

2 (r 0 o ) 
2 + 

8 πG 

15 

{
[ αs ρs + αo (ρo − ρs )](r 0 c ) 

2 

+ αc (ρc − ρo ) 
(r 0 c ) 

5 

(r 0 o ) 
3 

}
, (11)

1 

6 

βo r 
0 
o g o = 

1 

4 

n 

2 (r 0 o ) 
2 + 

2 πG 

15 

{
[ βs ρs + βo (ρo − ρs )](r 0 c ) 

2 

+ βc (ρc − ρo ) 
(r 0 c ) 

5 

r 0 o ) 
3 

}
, (12)

here g o is the local gravity at the ocean-shell interface. The

egree-two shape of the surface is taken from Nimmo et al. (2011) .

hese models are therefore compatible with both the observed

ong wavelength topography and the degree-two gravity. We also

onsidered the degree-two shape of Thomas et al. (2016) , but only

uote here the results obtained for the values of Nimmo et al.

2011) since those differ more from hydrostatic equilibrium than

he values of Thomas et al. (2016) . 

We adapt the libration model of Van Hoolst et al. (2013) de-

eloped for hydrostatic equilibrium to non-hydrostatic interiors by

eplacing the flattenings by their non-hydrostatic values in all the

quations. We only retain models for which the shell (ocean) thick-

ess in any direction is at least 2.5 km (1 km). In case (1), the

on-hydrostatic structure almost does not change the estimate of

he thickness of the ice shell ( Table 1 ) although the libration am-

litude of individual models that satisfy the observed libration am-

litude can be up to 160 m smaller with respect to the correspond-

ng models in hydrostatic equilibrium for nominal ice rigidity val-

es. The assumption of a non-equipotential core boundary shifts

he interval of possible ice shell thicknesses compatible with the

bserved libration amplitude to larger values of [18, 26] km. The

ibration amplitude of the individual models is between 49 m and

29 m larger with respect to the hydrostatic models. 

Fig. 3 shows the large effect of the non-hydrostatic models on

he local ice shell thickness. The results are illustrated for one in-

erior structure model with a mean shell thickness of 20 km that

atisfies the observed libration amplitude. The south polar region is

nly a few kilometer thick compared to thicknesses of over 30 km

n the equatorial regions when it is assumed that the interface

etween the ocean and the shell is a non-equipotential surface.

ithin this compensation model, the small density contrast be-

ween the shell and the ocean leads to pronounced variations in
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he position of the ocean-shell interface with an interface closer to

he surface at topographic lows such as the south pole region, as

an be seen from the negative sign of the equatorial flattening of

he ocean-shell interface in Fig. 1 (see also Fig. 5 of the thickness

f the shell and ocean in McKinnon, 2015 ). The local thicknesses

hown in Fig. 3 are based on the degree-two shapes of the surface

nd the ocean-shell interface. This implies that the north polar re-

ion has an equally thin shell. Higher-degree components of the

hape will affect these estimates, but have no influence on the li-

ration amplitude (see Section 3.1 ). When the interface between

he core and the ocean is considered to be a non-equipotential

urface, the variations in the thickness of the ice shell are much

maller because of the larger density contrast of the core with the

 2 O layer, and of the order of 3 km. Only for a non-equipotential

cean-shell interface can the shell be below 10 km thick. For the

ominal range in ice shell rigidity ([1, 5] GPa), the thickness of the

hell at the south pole is then between 2.5 km and 17 km. 

. Discussion and conclusions 

We confirm and strengthen the results of Thomas et al.

2016) that the observed libration amplitude at orbital period is ev-

dence of a global subsurface ocean. The existence of a global ocean

as also been suggested on the basis of gravity and topography

ata ( McKinnon, 2015 ) and is also consistent with the observed or-

ital modulation of the plume brightness due to tides ( Behounková

t al., 2015 ). Those studies predict an ice shell thickness of about

0 km or more and a thin ocean less than 20 km thick. The libra-

ion amplitude suggests the opposite: a thin shell with a thicker

cean. Although the gravity and topography data are very useful,

nd are also used in our analysis of the libration, it must be kept

n mind that their interpretation in terms of the thickness of the

hell is based on several uncertain assumptions. In the analyses of

ess et al. (2014) and McKinnon (2015) , Airy isostasy is assumed.

n such a model, the mass within any column of matter above the

ompensation depth is considered to be the same and due to lo-

al thickening or thinning of the ice shell. Compensation, however,

an also be due to elastic and dynamic support ( Wieczorek, 2015 ).

epending on the physical origin of the mass anomalies, the shell

hickness may be strongly different from what is assumed within

he assumption of Airy isostasy. Note also that the lowest-degrees

wo and three are used, for lack of higher degree gravitational data,

nd those can be more strongly influenced by the deeper interior

han higher degrees. 

Table 1 summarizes the mean thicknesses of the shell and

cean for different modeling hypotheses and model parameter

anges. The results show that the libration amplitude implies that

he ice shell (ocean) is between 14 km and 24 km (24 km and

7 km) thick for both hydrostatic models and models that sat-

sfy the observed degree-two gravity and topography by a non-

quipotential ocean-shell interface. If instead, topography and grav-

ty would be due to a non-equipotential core boundary, the shell

ocean) thickness is between 18 km and 26 km (21 km and

3 km). Other parameters of the interior structure are not con-

trained by the libration. The thickness of the shell at the south

ole is between 2.5 km and 17 km (16.4 km and 24.3 km) for the

on-hydrostatic models with non-equipotential ocean-shell (core-

cean) interface. These thickness variations are based only on the

egree-two components of the shape of the surface and of the

cean-shell interface. 

Thicker shells could be possible for larger density contrasts be-

ween the ice and the ocean than considered here. For example,

or ocean densities up to 1200 kg/m 

3 , the upper limit for the mean

hickness of the ice shell increases by 3 km for the interior struc-

ure models in hydrostatic equilibrium with the reference value of

he rigidity of the ice shell. A lower-density ice shell also increases
he mean shell thickness corresponding to the observed libration

mplitude since it increases the libration amplitude. For example,

or an extreme case with a shell porosity of about 50% (densi-

ies considered between 450 and 500 kg/m 

3 ), the mean thickness

f the shell can be up to 34 km for hydrostatic models. Such a

igh porosity can decrease the rigidity by about an order of mag-

itude ( Hessinger et al., 1996 ). Since a decrease in the shell rigidity

lso decreases the libration amplitude (see Fig. 4 ) the mean shell

hickness corresponding to the observed libration amplitude will

e smaller than 34 km when we take into account this reduction

n ice rigidity. When we take a rigidity value of 0.33 GPa, the mean

hickness of the ice shell can be up to 31 km. 
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