
LETTERS
PUBLISHED ONLINE: 6 JULY 2015 | DOI: 10.1038/NGEO2475

Timing of water plume eruptions on Enceladus
explained by interior viscosity structure
Marie Běhounková1*, Gabriel Tobie2, Ondřej Čadek1, Gaël Choblet2, Carolyn Porco3
and Francis Nimmo4

At the south pole of Saturn’s icy moon Enceladus, eruptions
of water vapour and ice emanate from warm tectonic ridges1–4.
Observations in the infrared5 and visible6 spectra have shown
an orbital modulation of the plume brightness, which suggests
that the eruption activity is influencedby tidal forces.However,
theobservedactivity seems tobedelayedbyseveral hourswith
respect to predictions based on simple tidal models6,7. Here
we simulate the viscoelastic tidal response of Enceladus with
a full three-dimensional numerical model8,9 and show that the
delay in eruption activity may be a natural consequence of the
viscosity structure in the south-polar region and the size of
the putative subsurface ocean. By systematically comparing
simulations of variations in normal stress along faults with
plume brightness data, we show that the observed activity is
reproduced for two classes of interior models with contrasting
thermal histories: a low-viscosity convective region above a
polar sea extending about 45◦–60◦ from the south pole at a
depth below the surface as small as 30 km, or a convecting
ice shell of 60–70 km in thickness above a global ocean. Our
analysis further shows that the eruption activity is controlled
by the average normal stress applied across the cracks, thus
providing a constraint on the eruption mechanism.

High-resolution images of Enceladus obtained by the Cassini
Imaging Sub-System (ISS) during successive flybys allowed the iden-
tification of about 100 distant, narrow jets emerging from the four
main tectonic fractures10, feeding a broad plume above Enceladus’s
south pole. This surprising activity is most likely the consequence of
periodical tidal deformation of themoon, as it travels around Saturn
on a slightly eccentric orbit. By modulating tidal stresses along the
main tectonic faults in Enceladus’s south-polar terrain (SPT), tidal
deformation provides, in principle, a mechanism to locally increase
the temperature up to themelting point11 and to open and close indi-
vidual cracks at each tidal cycle7,12. Local near-surface shear heating
has been shown to be irrelevant in driving the eruptions10. Instead,
both visible (ISS; ref. 6) and infrared (Visual and Infrared Mapping
Spectrometer, VIMS)5 observations acquired at low resolution re-
vealed a temporal variability in the plume brightness consistent with
a tidal modulation of the eruption activity through cyclical normal
stresses. However, the brightness peak seems to be delayed by about
5 h (ref. 6) compared with the theoretical stress predictions using
the elastic thin-shell approximation7. This apparent time lag might
imply either a delay inherent to the eruptionmechanisms, or a delay
in stress variations associated with the viscoelastic structure of the
moon’s interior6,13.

To test the latter hypothesis and to determine the structure and
thermal state of Enceladus’s interior consistent with the observation,

we modelled the viscoelastic tidal response of the moon using a
fully three-dimensional (3D) approach9 (seeMethods).We assumed
a differentiated structure comprised of a rocky core and an ice
shell with a constant thickness varying between 30 and 80 km
(refs 14,15). We considered various viscosity structures for the ice
shell, characterized by an axisymmetric viscous anomaly of various
extent, centred at the south pole and overlying an ocean covering
either partly or entirely the rocky core (Fig. 1a). In particular,
we tested how a thin lithosphere in the SPT, consistent with the
enhanced tectonic activity and high local heat fluxes16, and the
extent of the liquid water reservoir influence the viscoelastic
response of the ice shell. Topography and gravity data suggest that
the ice shell may reach a minimum value in the SPT and thicken
away from this region15,17–19. In our modelling approach, we assume
a constant ice shell thickness, which is representative of the average
thickness above the ocean. Elastic models with a variable shell
thickness20 predict that the local deformation of a shell is mostly
determined by the average thickness in the near zone. Therefore,
the tidal response above a localized ocean is expected to be mostly
determined by the average water/ice depth.

From the stress tensors computed in the entire ice shell with
our 3D code, we calculated the time evolution of normal stresses
as a function of SPT fault orientation and location and evaluated
the tidally modulated fault activity using two stress representations
(see Methods). A fault segment is assumed opened and active when
it is subjected to extensional normal stresses above a threshold value.
In the first representation, the fault/eruption activity is considered
to be proportional to the fraction of opened faults6,7,12 (FOF). This
representation assumes that the eruption rate along a fault segment
is constant once the segment is opened. We also tested a second
representation where we computed the averaged normal stress for
all opened fault segments, normalized to the maximum average
stress reached during the cycle—normalized average stress (NAS)
representation. This representation assumes that the eruption rate
is proportional to the applied normal stress, once the fault is
opened. In the FOF representation, the fault/eruption activity
rapidly increases and remains on a maximum plateau for about 10 h
before decreasing very rapidly, whereas in the NAS representation,
it increases and decreases more progressively following a Gaussian-
like shape (Fig. 2).

As illustrated in Fig. 2a,b (and Supplementary Figs 4–8), the time
evolution of fault activity is sensitive to both the ocean width and
the 3D viscosity structure. For both NAS and FOF representations,
the activity curve is offset by 3.5–5.5 h, compared with the elastic
solution with a global ocean. A maximum time offset is obtained
for the smallest tested ocean width (60◦). For ∆= 60◦, about 40%
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Figure 1 | Interior structure and predicted tensile stress along the south-polar faults. a, The viscosity structure of the ice shell is described using six main
parameters: the ice shell thickness L, the minimum viscosity η above an internal ocean of angular width∆, and the lithospheric thickness LSP around the
south pole, extending over angular width δ and reaching a maximum thickness L∆. b, Maximum tensile stress reached for each fault segment during a tidal
cycle computed from the interior structure shown in a. The circles correspond to southern latitudes of 64◦, 75◦ and 85◦, respectively.
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Figure 2 | Predicted tidally induced activity along the south-polar faults. a,b, FOF representation (a) and NAS representation (b) for ocean widths varying
between 60◦ and 360◦. All of the other interior parameters correspond to the model shown in Fig. 1a. The dashed line denotes the elastic response of the
ice shell above a global ocean; the coloured lines denote the viscoelastic response for various angular widths∆ of the internal ocean. The viscoelastic
response results in a systematic delay of the stress evolution of several hours, which varies depending of the ocean width.

of the offset is explained by the limited extent of the ocean, and
the other 60% by the viscous anomaly (see Supplementary Fig. 4).
The offset decreases with increasing ocean widths, reachingminima
for ∆= 180◦, as the contribution of the ocean extent to the offset
tends to zero. Then, it increases again for a global ocean case,
owing to the more predominant viscous response. Solutions with a
global ocean and a weak ice shell lead to time offsets comparable
to solutions with a regional sea for ∆= 90◦–120◦ and viscosity
structure similar to Fig. 1a. We further find that, for a given ocean
width, the time offset and the curve shape are mostly controlled
by the minimum viscosity value η, the lithospheric thickness in
the SPT LSP, and to a lesser extent by the ice shell thickness L
(see Supplementary Figs 5, 6 and 8). The time offset increases
typically with decreasing ice viscosity and lithospheric thickness
(Supplementary Figs 5 and 6). For similar values of minimum
viscosity and lithospheric thickness, models with a global ocean

require thicker and/or wider low-viscosity regions thanmodels with
a regional sea (Supplementary Figs 4 and 9).

We predicted theoretical curves of eruption activity using
the two representations for 1,512 interior models by varying
systematically the main interior parameters. Misfits between
data and model prediction were computed assuming a linear
relationship between predicted theoretical curves and the observed
brightness6. We then defined a model as statistically acceptable
if better than a constant model with no time dependence, at the
confidence level of 95% using the F-test6 for both VIMS and ISS
data simultaneously (see Methods). Our calculations show that the
reduced misfits are considerably smaller for the NAS representation
than for the FOF representation, especially for the VIMS data
set (see Supplementary Table 2). The NAS representation thus
seems to provide a better description of the stress-modulated
eruption activity. Moreover, the VIMS data for year 2005, which are
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abnormally bright with respect to comparable observations taken
between 2009 and 2012 (ref. 5), bear a significant contribution to the
misfit: when the 2005 VIMS observations (corresponding to only
10% of the weighted data set) are removed, misfit values are reduced
by 60% (see Fig. 3a,b and Supplementary Table 2). Remarkably, this
also results in a significant increase (Supplementary Table 3) in the
number of models satisfying ISS and VIMS together: 8 (with 2005
VIMS) compared with 59 (without 2005 VIMS) successful interior
models, that is, models corresponding to the ones belonging simul-
taneously to the 10%-best models for both VIMS and ISS data sets.

As illustrated in Fig. 4, the successful models are not randomly
dispersed in the parameter space but are grouped in specific regions
of the L–η–∆ diagram. By varying systematically the parameters
defining the viscosity structure (see Methods), we find that a thin
lithosphere (≤5 km) in the SPT and a warm ice shell having a
minimum viscosity between 1 and 5×1013 Pa s in the region above
the ocean are themain requirements to explain the observed activity.
Successful models with a global ocean can be found, but only for
ice shells thicker than 50 km. For ice shell thicknesses L< 50 km,
successful models can be found only for regional seas with widths∆
between 90◦ and 110◦.

We also tested the effect of the threshold stress, that is,
the minimum tensile stress for triggering the eruption activity,
assuming threshold stress values varying between 0 and 5,000 Pa
(Supplementary Table 4). For the NAS representation, the number
of successful models decreases strongly when the threshold is
increased, the effect of a non-zero threshold beingmore pronounced
for models with a regional sea. In addition to providing a better
fit, the NAS representation associated with a near-zero threshold
value is consistent with the observation that plume brightness
never goes to zero6. It implies a continuous eruption activity that
is enhanced during the part of the tidal cycle when the active
cracks widen progressively under the action of increasing tensile
stresses. Indeed, as the jet velocity is inferred to be constant6, the
NAS model provides the potential to directly quantify how cracks
widen under the influence of tidal stresses. Moreover, the low stress
required to start enhancing the eruption activity suggests that the
active cracks are never completely closed during the tidal cycles
and that the liquid reservoir at the origin of the eruption proposed
in previous studies1,10,21,22 is permanently in contact with the
eruption conduit.

On the basis of our data interpretation using the NAS representa-
tion, we predict that the plume brightness for mean orbital anomaly
between ∼200◦ and ∼280◦ should progressively decay following a
Gaussian shape rather than show a sharp shoulder produced with
the FOF models. Only a few data points are available at present in
this mean anomaly range and future Cassini observations should
produce additional data points to complete the brightness curves,
thus providing a pertinent test to the models presented here. Our
viscoelastic interpretation of eruption delay is consistent with either
a regional sea, extending between 45◦ and 55◦ from the south pole, or
with a global ocean. For the regional sea solution, convective activity
would be localized only above the ocean in a layer as thin as 30 km,
compatiblewith SPT ice shell estimates15,19, whereas the global ocean
solution requires a globally convecting ice shell thicker than 50 km,
consistent with the average global ice shell estimate19. These two
possible solutions have very different implications for Enceladus’s
thermal budget. For a regional sea, the heat loss is limited to the SPT,
and the heat power lost by conduction through the lithosphere out-
side the SPT should not exceed 1–2GW. For a global ocean, the heat
loss outside the SPT can exceed 15GW, an even larger heat source
than implied by thermal emission in the SPT (ref. 16). Additional
geophysical constraints are now needed to determine which of these
two possible thermal states is more likely. Our inference that the
eruption rate depends on crack width places also an important con-
straint on the mechanics of the erupting plumes23,24. Last, the effects
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Figure 3 | Plume brightness variations and predicted fault activity.
a–c, Comparison between plume brightness data using VIMS (with (a) or
without (b) 2005 data points) and ISS (c) data sets, and predicted fault
activity using the NAS representation. The curves show all of the
acceptable models, defined as those that simultaneously fit the VIMS
(corrected equivalent width, CEW) and ISS (corrected integrated
brightness, I/F) observations better than a constant model at the 95%
confidence level. The models are classified according to their misfit value as
ranking within the 5%-, 10%- or 20%-best models. Data and error bars
from refs 5,6. For the FOF representation, see Supplementary Fig. 13.

of lateral variations in mechanical properties on tidal response are
not confined to Enceladus; similar effects are very likely25 partly
responsible for the complex tidal response of our own Moon26.
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Methods and any associated references are available in the online
version of the paper.
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Methods
Numerical solution. The viscoelastic response of the ice shell to periodical tidal
loading is computed in the time domain (using a time step varying between 5 and
12min), assuming an Andrade rheology and considering small deformations of a
hydrostatically pre-stressed spherical incompressible anelastic body. The time
evolution of stress and displacement in such a body is determined by solving the
mass and momentum conservation equations:

∇ ·u=0 (1)

−∇p+∇ ·σ =ρice (∇Φ+∇V ) (2)

where p is the pressure, u is the displacement, σ is the deviatoric part of the stress
tensor, ρice is the ice density,Φ describes the time-varying tidal potential27, and V
is the perturbation of the gravitational potential induced by the surface
deformation. The constitutive relationship between the deformation tensor
ε=1/2(∇u+∇Tu) and the stress tensor is28:

2ε(t)=
∫ t

−∞

σ̇ (t ′)J (t− t ′)dt ′ (3)

where σ̇ denotes the time derivative of σ and J (t) is the compliance function.
The equations are solved in a spherical shell in the time domain. This approach

allows the introduction of lateral viscosity variations as well as a liquid internal
ocean of a limited lateral extent through the boundary conditions, which is
essential for the case of Enceladus.

On the surface, we prescribe the force equilibrium between the traction vector
and the pressure induced by the surface deformation,

(−pI+σ ) ·er−urρiceg(rt)=0

where er is the radial unit vector, ur is the radial part of displacement, and g(rt) is
the gravity acceleration at the surface. The bottom boundary conditions are
combinations of the force equilibrium at the water/ice interface,

(−pI+σ ) ·er+ur(ρwater−ρice)g(rb)=−ρwater(Φ+V )er (4)

and no-slip at the silicate/ice interface,

u=0 (5)

where g(rb) is the gravity acceleration at the bottom boundary. The right-hand side
of equation (4) corresponds to the pressure induced in the ocean due to spatial
variations of the potentialsΦ and V . For numerical reasons, the transition from
one type of boundary conditions to the other is gradual with an angular transition
of 5◦.

We employ the Andrade rheology, characterized by a continuous distribution of
the relaxation processes, which is known to describe well the viscoelastic response
of water ice29. The compliance function describing the Andrade rheology28 is
given by

J (t− t ′)= J0
(
1+
(

t− t ′

ζ τM

)α

+

(
t− t ′

τM

))
(6)

where J0=1/µ is the unrelaxed compliance, τM=η/µ is the Maxwell time,
µ is the shear modulus, η is the viscosity, and α and ζ are empirical parameters,
α=0.3 and ζ =1 (ref. 29). Combining equations (3) and (6), integrating from
t=0 and assuming stress-free initial conditions σ (t<0)=0, the constitutive
equation gives

2ε−
σ

µ
=

∫ t

0

σ (t ′)
η

dt ′+
∫ t

0
µα−1

(t− t ′)α

(ζη)α
σ̇dt ′ (7)

As the tidal loading is periodic, the solution gradually converges to a periodic
solution. Our numerical tests show that the solution can be considered converged
after about 10 orbital cycles.

Equations (1), (2) and (7) are discretized in time:

∇ ·ui+1=0

−∇pi+1+∇ ·σ i+1=ρice(∇Φi+1+∇Vi)

2εi+1−
σ i+1

µ
=

i∑
j=0

σj

η
∆t+

i−1∑
j=0

wij

(
σ j+1

(ζη)α
−
σ j−1

(ζη)α

)
(8)

where wij are the weights

wij=
1
2
(i− j+1)α∆tαµα−1

The first term on the right-hand side of equation (8) is identical to the memory
term in the case of a Maxwell body13. The second term on the right-hand side
corresponds to the continuous distribution of the relaxation processes. The
evaluation of this term is time-consuming and memory-demanding as it requires
to integrate the whole stress history at each time step and to store the stress during
the whole time evolution.

The spatial discretization employs spherical harmonic functions in the
horizontal directions and a finite-difference scheme in the vertical direction13. The
implementation of the Andrade rheology was tested for radially dependent
viscosity models against the standard Laplace domain solution30.

Interior model and viscosity structure.We consider a differentiated interior
structure consisting of a rocky core, an internal ocean of varying sizes and an ice
shell. The density of the ice shell and of the water ocean is set to 925 and
1,000 kgm−3, respectively. The ice shell thickness is uniform and its value ranges
between 30 and 80 km. The density of the rocky core is calculated as a function of
the ice shell thickness, to satisfy the total mass of Enceladus. The presence of an
ocean is considered through the boundary conditions at the base of the ice shell: a
combination of boundary conditions described by equations (4) or (5) is imposed
at the base of the ice shell, depending on the location. The ocean area is assumed to
be axisymmetric and centred at the south pole, with an angular width∆, varying
between 60◦ and 360◦.

To compute the viscoelastic response of the ice shell, we consider a shell with a
uniform shear modulus equal to 3.3×109 Pa, and we explore various synthetic
viscosity structures. Examples of the viscosity structure are shown in Fig. 1 and
Supplementary Figs 11 and 14. The viscosity structures used in the present study
are designed as simple analogues to viscosity fields obtained with full convection
simulations in our previous studies9,31. The viscosity above the ocean is
approximately uniform, which mimics the temperature distribution within the ice
shell due to the combined effect of tidal dissipation, convective motions, and
possibly internal melting. The assumed viscosity range (1013–1015 Pa s) is
representative of the viscosity of water ice near the melting point9. Outside the
ocean region, the ice shell is assumed to be cold and with a constant high viscosity
(ηmax=1020 Pa s). From the low- to the high-viscosity regions, the viscosity
increases across a transition region of an angular width σ , varying typically
between 5◦ and 20◦. Most of the simulations are performed for a transition width of
5◦. Sensitivity tests showed that increasing the transition width to 20◦ does not
significantly affect the results, except for the smallest ocean width (60◦ wide, see
Supplementary Figs 11 and 12).

A lithosphere with variable thickness is prescribed above the convective region.
A reference value L∆ of 20 km is assumed for the lithosphere, but other values are
also tested (see Supplementary Fig. 9). To mimic the enhanced activity in the
south-polar terrain, we consider an area of angular width δ around the south pole,
with a lower lithospheric thickness, LSP. The variations of lithospheric thickness are
described using a fourth-order Gauss function:

L(ϑ)=L∆−
(
L∆−LSP)exp(− 1

4

(
ϑ−180◦

δ

)4
)

where ϑ is the colatitude in degrees. The logarithm of the viscosity decreases
linearly in the lithosphere from the maximum value (1020 Pa s) at the surface to the
minimum value at the base of the lithosphere. A reference value δ=20◦ is chosen to
produce thin lithosphere only beneath the active SPT. However, other δ values have
also been considered to test the sensitivity of our results (see Supplementary Fig. 7).
For the summary of all the model parameters see Supplementary Table 1.

Tensile stress along the stripes and the stress representations.We test the
hypothesis that the tensile tidal stress along the tiger stripes is related to the
observed brightness curves. We first compute the viscoelastic deformations as a
function of time or true anomaly in the entire shell, following the method in the
first paragraph of the Methods and using the rheological properties described in
the second paragraph of the Methods. Then we evaluate the time evolution of the
normal stress along the four main SPT faults (solid curves in Supplementary
Fig. 2a,c as examples). The mechanical effect of faults is not considered in our
model, only their geometry. The main faults are divided into≈600 segments. The
normal to each segment is computed assuming that the fault plane is perpendicular
to the surface. Following the approach of refs 6,7, the normal component σ i

nn of the
stress tensor on a segment i with normal ni is evaluated as

σ i
nn=n

i
·(−piI+σ i) ·ni

where pi and σ i are the pressure and the deviatoric stress in the centre of segment i
at the surface. This definition implies that the segment is in compression if σnn<0
and in tension if σnn>0.

We assume that the ith segment opens at time t0 when a threshold stress
σt is exceeded and remains open until time t1 when it is closed by compression
(that is, σnn(t1)=0 Pa). The behaviour of the ith segment can then be characterized
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by a step function λi, which is equal to 1 if the segment is open and 0 if it
is closed:

λi(t)=

{
1 if t ∈〈t0, t1)
0 otherwise

Two representations that relate the tidal stress along the faults to the brightness
are considered. The first one, named fraction of opened faults (FOF), is
defined as6,32

fFOF(t)=
1
l

n∑
i=1

λi(t)1l i

where l=
∑n

i=11l i is the length of the faults,1l i is the length of the ith segment
and n is the number of segments. The other representation is the normalized
average stress (NAS) representation, which, contrary to the FOF representation, is
scaled by the stress:

fNAS(t)=
1

maxt fAS(t)
fAS(t)

where

fAS(t)=
1
l

n∑
i=1

λi(t)σ i
nn(t)1l i

A comparison between the NAS and FOF representations, for a given
interior structure, and for three different values of the threshold parameter
are shown in Supplementary Fig. 1. In the case of a purely elastic shell with a
global ocean, the comparison with other approaches11,33,34 is discussed in
Supplementary Section 3.

Fitting procedure. Following ref. 6, we suppose a linear relationship between the
predicted theoretical curves and the observed brightness. The corrected equivalent
width (CEW) and the corrected integrated brightness (I/F) related to the VIMS
(ref. 5) and ISS (ref. 6) data, respectively, can then be expressed as

CEWR
pred=aRCEW+bRCEWf R

(I/F)Rpred=aRI/F+bRI/Ff R

where R denotes the representation considered (NAS or FOF), f R is the predicted
brightness curve expressed in terms of representation R, and aR, bR are positive
scaling parameters to be determined. To find the values of aR and bR for each curve
f R, we minimize the reduced misfit χ 2

ν

χ 2
ν
(aRCEW,b

R
CEW)=

1
νCEW

m∑
j=1

{
CEWj−

(
aRCEW+bRCEWf R

(
MCEW

j

))}2

σ 2
j

χ 2
ν
(aRI/F,b

R
I/F)=

1
νI/F

m∑
j=1

{
I/Fj−

(
aRI/F+bRI/Ff R

(
M I/F

j

))}2

σ 2
j

where j is the number of the data point,m is the total number of the data
points in each data set, ν is the corresponding degree of freedom,Mj is

the mean anomaly for the jth data point, and CEWj and I/Fj denote the
observed data.

We define an acceptable model as a modelM that is a significant improvement
over the model with no time dependence (that is, constant model C with b=0) at
the 95% confidence level using the F-test6 for both VIMS and ISS data
simultaneously. The reduced misfit χ 2

νM of an acceptable model thus has to satisfy
the condition

FCEW
CM>

χ 2
νC,CEW

χ 2
νM,CEW

and F I/F
CM>

χ 2
νC,I/F

χ 2
νM,I/F

(9)

where FCM is the critical value of the F-distribution for the 95% confidence level
and for the corresponding degrees of freedom νC and νM.

To determine the interior models that satisfy conditions (9), we systematically
explore the parametric space for the following values of parameters:
∆={360◦, 180◦, 120◦, 110◦, 100◦, 90◦, 80◦, 70◦, 60◦}, η={1×1013, 2×1013, 3×1013,
5×1013, 7×1013, 1×1014, 1×1015}Pa s, L={30,40,50,60,70,80} km and
LSP
={2.5,5.0,7.5,10.0} km. Among the 1,512 tested models about 1,000 and 200

have been found acceptable for the NAS and FOF representations, respectively.
Supplementary Tables 2 and 3 show the characteristics of the data sets and the
acceptable models. The acceptable models can be further ranked on the basis of the
associated misfit (see Fig. 3 and Supplementary Fig. 13). We define best, very good
and good models as models being among 5%, 10% and 20% of acceptable models
with the lowest misfit. For each representation we finally define a group of
successful models that belong simultaneously to the very good models fitting both
data sets. This set includes individual models that lie in the intersection of the 10%
models with the smallest misfits for both data sets. The overview of successful
models is shown in Supplementary Section 5 and Supplementary Tables 3 and 4.

Code availability. The code is not available.

References
27. Kaula, W. Tidal dissipation by solid friction and the resulting orbital evolution.

Rev. Geophys. 2, 661–685 (1964).
28. Efroimsky, M. Tidal dissipation compared to seismic dissipation: In small

bodies, Earths, and super-Earths. Astrophys. J. 746, 150 (2012).
29. Castillo-Rogez, J. C., Efroimsky, M. & Lainey, V. The tidal history of Iapetus:

Spin dynamics in the light of a refined dissipation model. J. Geophys. Res. 116,
E09008 (2011).

30. Tobie, G., Mocquet, G. & Sotin, C. Tidal dissipation within large icy satellites:
Applications to Europa and Titan. Icarus 177, 534–549 (2005).

31. Běhounková, M., Tobie, G., Choblet, G. & Čadek, O. Impact of tidal
heating on the onset of convection in Enceladus’s ice shell. Icarus 226,
898–904 (2013).

32. Hurford, T. A. et al. Geological implications of a physical libration on
Enceladus. Icarus 203, 541–552 (2009).

33. Wahr, J. et al.Modeling stresses on satellites due to nonsynchronous rotation
and orbital eccentricity using gravitational potential theory. Icarus 200,
188–206 (2008).

34. Smith-Konter, B. & Pappalardo, R. T. Tidally driven stress accumulation and
shear failure of Enceladus’s tiger stripes. Icarus 198, 435–451 (2008).

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/ngeo2475
www.nature.com/naturegeoscience

	Timing of water plume eruptions on Enceladus explained by interior viscosity structure
	Methods
	Figure 1 Interior structure and predicted tensile stress along the south-polar faults.
	Figure 2 Predicted tidally induced activity along the south-polar faults.
	Figure 3 Plume brightness variations and predicted fault activity.
	Figure 4 Successful models for the NAS representation as a function of ice shell thickness, ocean angular width and minimum ice viscosity.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests
	Methods
	Numerical solution.
	Interior model and viscosity structure.
	Tensile stress along the stripes and the stress representations.
	Fitting procedure.
	Code availability.

	References

